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SUMMARY 


Practices  for  casting  25-inch  and  35-inch  diameter  7050 
ingots  were  developed  in  the  laboratory;  then  the  technology  was 
modified  so  that  ingots  could  be  cast  under  commercial  conditions. 

An  important  factor  in  producing  sound  ingot  was  attaining  an 
ingot  surface  equilibrium  temperature  between  410*F  and  440°F 
during  casting.  If  the  equilibrium  temperature  was  much  below 
410°F,  the  stresses  induced  during  solidification  cracked  the  ingot 
violently.  If,  on  the  other  hand,  the  equilibrium  temperature  was 
much  above  440°F,  either  the  ingots  cracked  because  the  center  was 
still  very  weak  or  the  center  was  unacceptably  porous.  Proper 
control  was  achieved  by  careful  positioning  of  the  device  to  remove 
ingot  cooling  water  below  the  mold  (wiper).  Preventing  cracking 
before  the  ingot  initially  reached  the  wiper  was  also  very  important. 
Close  attention  to  starting  casting  rate  and  to  bottom  block  cooling 
was  required  to  prevent  cracking  during  the  start-up. 

Effects  of  extrusion  temperature  of  heavy  sections  and  of 
extrusion  temperature,  extrusion  ratio,  and  width/thickness  ratio  of 
lighter  sections  were  evaluated.  Extrusion  temperature  within 
the  range  possible  in  the  fabrication  of  wide,  heavy  shapes  had  no 
effect  on  structure  or  properties.  For  smaller  sections,  high 
extrusion  temperatures,  high  extrusion  ratios,  and  low  width/thickness 
ratios  favored  more  attractive  combinations  of  strength,  notch 
toughness,  and  resistances  to  stress-corrosion  cracking  and 
exfoliation  corrosion. 
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Second-step  aging  conditions  were  established  to  produce 
7050  extrusions  living  either  high  resistance  to  exfoliation  cor- 
rosion with  resistance  to  stress-corrosion  cracking  substantially 
better  than  that  of  7075-i'651X  (7050-T7651X)  or  a resistance  to 
stress-corrosion  cracking  comparable  to  that  of  7075-T7351X 
(7050-T7351X) . Treatments  of  8 and  12  hours  at  350#F,  or  their 
equivalent,  are  recommended  for  7050-T7651X  and  7050-T7351X, 
respectively. 

To  provide  material  for  determination  of  mechanical  and 
corrosion  characteristics,  twenty  extrusions  were  fabricated  from 
25-inch  and  35-inch  diameter  ingots  in  three  phases:  (1)  five 

7050-T7351X  extrusions  (two  aircraft  sections  and  three  rectangles) 
from  a 21-inch  diameter  extrusion  cylinder,  (2)  five  7050-T7351X 
and  five  7050-T7651X  aircraft  sections  from  25-inch  and  29-inch 
diameter  extrusion  cylinders,  (3)  five  additional  7050-T7351X 
panels  for  a possible  C5A  wing  retrofit  from  a 2 9- inch  diameter 
cylinder. 

The  extrusions  were  subjected  to  a variety  of  tests. 
Tensile,  compressive,  shear,  bearing,  stress-strain,  and  modulus  of 
elasticity  tests  were  performed,  and  ratios  of  the  various  properties 
to  the  tensile  ultimate  and  yield  strengths  were  calculated.  The 
results  indicated  that  temper,  thickness,  and  extrusion  size  had 
an  effect  on  the  value  of  the  ratios.  Plane  strain  fracture  tough- 
ness tests  indicated  that  the  7050  extrusions  developed  a combination 
of  strength  and  toughness  that  was  superior  to  that  of  commercially 
established  alloy  extrusions.  Accelerated  corrosion  tests  predicted 
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that  both  7050-T7651X  and  7050-T7351X  extrusions  will  be  highly 
resistant  to  exfoliation  corrosion  in  natural  environments.  Ac- 
celerated stress-corrosion  tests  indicated  that  7050-T7651X 
extrusions  with  strength  levels  approaching  those  of  7075-T651X  in 
thin  sections  and  exceeding  them  in  thick  sections  develop 
appreciably  higher  resistance  to  stress-corrosion  cracking.  Thick 
sections  of  7050-T7351X  develop  a resistance  to  stress-corrosion 
cracking  similar  to  that  of  7075-T7351X  and  have  higher  strength. 
Wide  sections  with  a cross-sectional  area  greater  than  about  61  in.2 
may  have  a slightly  lower  resistance  to  stress-corrosion  cracking 
than  when  the  cross-sectional  area  is  less  than  about  43  in.2. 
Fatigue  test  performances  of  smooth  and  notched  specimens  and 
rates  of  fatigue  crack  growth  for  7050-T7651X  and  T7351X  extrusions 
were  comparable  to  the  performances  of  previously  tested  7050- 
T7651X  extrusions. 
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I.  INTRODUCTION 

Alloy  7050  is  a recently  introduced  Al-Zn-Mg-Cu-Zr 
alloy  developed  at  Alcoa  Laboratories  under  partial  sponsorship 
of  the  Air  Force  Materials  Laboratory1  and  the  Naval  Air  Systems 
Command.  2~t*  It  provides  significantly  improved  combinations  of 
strength,  resistance  to  exfoliation  corrosion  and  stress-corrosion 
cracking,  and  fracture  toughness  compared  to  commercially  established 
alloys. 

Because  of  the  favorable  characteristics  of  7050,  design 
properties  for  use  in  MIL-HDBK-5  and  fracture  toughness,  fatigue, 
and  corrosion  characteristics  have  been  determined  for  plate, 
sheet,  forgings,  and  7050-T7651X  extrusions  made  from  ingots  up  to 
22  inches  in  diameter.5  Data  for  7050-T7651X  extrusions  made  from  „ 
25  to  35-inch  diameter  ingot,  such  as  are  required  for  sections  of 
aircraft  such  as  the  C130,  C5A,  and  Bl,  however,  are  needed  to 
make  the  MIL-HDBK-5  compilation  complete.  Moreover,  an  extremely 
high  resistance  tc  stress-corrosion  cracking  such  as  exhibited  by 
7075-T7351X  is  needed  in  applications  where  high  stress  is  unavoid- 
able in  sections  having  exposed  end  grain  structure  and  where  the 
low  strength  of  7Q75-T7351X  extrusions  is  unacceptable.  A T7351X 
temper  for  7050  extrusions  would  fill  this  need. 

The  objectives  of  this  investigation  were  to  (1)  develop 
casting  processes  for  25  and  35-inch  diameter  ingot;  (2)  evaluate 
effects  of  fabricating  variables  and  section  geometry  on  properties 
of  extrusions;  (3)  develop  aging  practices  to  provide  (a)  strength 
comparable  to  that  of  7C',5-T6  with  high  resistance  to  exfoliation 
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corrosion  and  improved  resistance  to  stress-corrosion  cracking  and 
(b)  resistance  to  stress-corrosion  cracking  comparable  to  that  of 
7C75-T73  with  higher  strength;  (4)  produce  extrusions  and  determine 
MIL-HDBK-5  design  mechanical  properties  and  the  fracture,  fatique, 
and  corrosion  characteristics;  and  (5)  prepare  preliminary  material 
and  process  specifications,  quality  control,  and  acceptance  criteria. 
All  objectives  were  met.  The  data  established  that  7050 
extrusions  develop  combinations  of  properties  desired  by  the 
aerospace  industry  that  are  more  attractive  than  the  properties 
of  extrusions  of  commercially  established  alloys. 

II.  ESTABLISH  MANUFACTURING  METHODS 

1.  Ingot  Casting 
a.  Background  and  Objective 

The  two  major  problems  in  casting  large  diameter  ingot 
ir.  high-strength  alloys  like  7050  are  cracking  and  center  porosity. 

The  initial  part  of  our  work  concentrated  on  developing  a casting 
procedure  to  produce  25-inch  diameter  7050  alloy  ingot.  The  Alcoa 
level-pour  casting  method  was  selected  for  this  work  because  of  its 
known  capability  to  produce  high-quality  ingot  suitable  for  air- 
craft structures.  Limited  casting  of  this  alloy  prior  to  the 
contract  indicated  that  elimination  of  ingot  cracking  would  present 
the  major  challenge.  Minimizing  center  porosity  requires  fine 
tuning  of  several  production  parameters  and  a clear  understanding 
of  the  cracking  characteristics  of  7050  alloy  since  there  is  a 
definite  interaction  between  these  two  critical  ingot  characteristics. 
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The  casting  conditions  that  define  the  depth  and  shape 
of  the  molten  metal  pool  are  the  major  factors  one  can  use  to 
minimize  center  porosity  and  eliminate  cracking.  Included  in  the 
casting  parameters  that  can  have  a pronounced  influence  are: 
initial  casting  rate,  bottom  block  material  and  cooling,  running 
casting  rate,  metal  temperature,  rate  of  heat  removal  in  the  mold, 
rate  of  heat  extraction  below  the  mold,x  and  duration  of  water  cooling 
below  the  mold. 

b.  25-Inch  Diameter  Casting  Trials  - Laboratory 

A special  Alcoa  level-pour  meld  (Figure  1)  was  fabricated 
to  provide  maximum  control  of  the  water  application  to  the  mold  and 
the  ingot.  Likewise,  water-cooldd  aluminum  and  steel  bottom  blocks 
(Figure  2)  were  fabricated  for  use  with  this  tooling.  Metal  was 
melted  in  a 10,000-lb  capacity  open-hearth  furnace.  Charge  com- 
ponents were  primary  aluminum  and  alloying  elements.  The  7050  alloy 
melt  passed  through  an  Alcoa  181  process*  unit  (Figure  3)  in  the 
transfer  system  enroute  to  the  mold.  This  equipment  filtered  out 
inclusions  and  degassed  (removed  hydrogen  from)  the  molten  metal. 

The  metal  was  then  cast  in  the  level- pour  mold.  The  cooling  water 
was  completely  removed  from  the  ingot  several  inches  below  the 
bottom  of  the  mold  with  a wiper. 

Due  to  the  large  number  of  casting  parameters  associated 
with  this  type  of  ingot  casting,  certain  items  were  held  constant 
during  the  trials  while  other  more  critical  parameters  were  varied 
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deliberately.  The  casting  rate,  water  cooling  rate,  length  of  the 
ingot-cooling  zone,  bottom  block  material,  and  starting  casting 
were  treated  as  variables  in  these  tests. 

Both  aluminum  and  steel  water-cooled  starting  blocks  were 
* 

employed.  Due  to  the  improved  bottom  cooling  associated  with  an 
aluminum  block,  there  were  indications  that  higher  starting  casting 
rates  could  be  used  without  encountering  butt  cracks.  Ultimately, 
it  was  demonstrated  that  crack-free  ingot  could  be  produced  with 
either  bottom  block  provided  the  starting  casting  rate  was  adjusted 
to  match  the  particular  block  material  used. 

The  starting  casting  rate  was  a crucial  variable  because 
it,  along  with  several  other  variables,  determined  the  rate  of 
heat  removal  from  the  ingot  butt  before  the  ingot  reached  the 
wiper.  It  became  apparent  early  in  this  work  that  butt  cracking 

must  be  avoided  because  such  cracks  generally  propagated  the  full 

* ' * 

length  of  the  ingot.  It  waE  important  that  the  ingot  reach  the  wiper 
in  a crack-free  condition  and  that  the  hot  core  then  reheat  the  surface  to 
a desirable  equilibrium  temperature  (410  to  440°F).  The  combined 
influence  of  bottom  block  material  and  cooling,  starting  casting 
rate  and  duration,  length  of  the  ingot  cooling  zone,  and  the  running 
casting  rate  basically  determined  whether  the  ingot  hot  cracked 
before  reaching  the  wiper,  cold  cracked  before  or  after  reaching 
the  wiper,  or  was  crack-free.  By  adjusting  these  variables  and 
determining  the  condition  of  the  ingot  (crack-free  or  cracked)  as 
well  as  the  equilibrium  reheat  temperature,  it  was  possible  to  zero 
in  on  the  optimum  practice.  However,  with  7050  alloy  this  proved 


to  be  an  extremely  difficult  task  because  it  was  not  easy  to  tell 
the  difference  between  hot  and  cold  cracks  since  both  types  generated 
loud  audible  sounds.  As  a result,  ultrasonic  techniques  were 
employed  early  in  each  drop  to  determine  the  soundness  of  the  butt 
as  soon  as  it  emerged  below  the  wiper.  This  inspection  method 
became  an  invaluable  tool  in  the  development  of  the  crack-free 
casting  practice. 

The  cooling  rate  was  determined  by  the  amount  of  mold 
cooling,  the  amount  of  ingot  cooling,  and  the  distance  that  the 
water  was  allowed  to  run  on  the  ingot.  Mold  cooling  was 
set  at  maximum  because  it  is  desirable  to  develop  a thick  ingot 
shell  while  the  ingot  is  in  contact  with  the  mold.  Once  the 
ingot  shrinks  away  from  the  mold  the  effectiveness  of  the  mold 
cooling  is  very  limited.  Ingot  cooling  was  adjusted  to  provide 
a good  water  pattern  on  the  ingot  and  still  permit  complete 
removal  of  the  water  by  the  three-inch  deep  wiper  pan.  With 
these  basic  water  limitations,  the  location  of  the  wiper  below 
the  mold  was  adjusted  to  bring  the  equilibrium  reheat  temperature 
into  the  desired  temperature  range. 

The  proper  use  of  wiper  technology  cannot  be  overemphasized. 
Choosing  the  proper  location  below  the  mold  for  water  removal  has 
a tremendous  impact  on  the  overall  ingot  quality.  A wiper  that  is 
positioned  too  high  creates  a porous  ingot  center,  and  if  it  is 
positioned  too  low  the  ingot  cracks  due  to  excessive  residual  stresses 
during  cooling.  No  leakage  of  water  through  the  wiper  can  be 
tolerated  with  7050  alloy. 
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As  mentioned  previously,  the  starting  casting  rate  was 
set  to  insure  that  the  ingot  reached  the  wiper  crack-free.  The 
running  casting  rate  was  adjusted  to  generate  an  acceptable 
surface  and  minimize  freezing  in  the  insulating  header  of  the  mold. 
Acceptable  surfaces  could  be  obtained  with  only  a limited  range 
in  casting  rate,  so,  therefore,  it  was  possible  to  have  only  a 
minor  impact  on  reheat  temperature  with  casting  rate.  For  our 
purposes  an  acceptable  surface  was  defined  as  a surface  smooth 
enough  to  permit  complete  removal  of  the  ingot  water  with  a 
rubber  wiper. 

Experiments  were  conducted  in  the  laboratory  to  explore 
the  acceptable  range  for  each  of  the  major  variables  described 
above.  This  work  produced  crack-free  ingot  and  the  recommended 
casting  procedure  for  plant  trial  was  as  follows ; 

MOLD  - Special  Alcoa  level -pour 
BOTTOM  BLOCK  - Water-cooled  aluminum 
METAL  TEMPERATURE  - 1280-13209F 
START  CASTING  RATE  - 1.00  ipm 
RUNNING  CASTING  RATE  - 0.85  ipm 
MOLD  COOLING  - 60  gpm 
INGOT  COOLING  - 80  gpm 
WIPER  DISTANCE  - 5.75  inches 
DURATION  OF  BOTTOM  BLOCK  COOLING  - 8 minutes 
This  practice  produced  ingot  with  a fine,  equiaxed  grain 
size  (ASTM  macrograin  size  M 12.5  to  M 11.5)  (Figure  4).  The  dendrite 
arm  spacing  was  relatively  fine  and  uniform  (0.0019-in.  surface  to 
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0.0021-in.  center)  for  an  ingot  of  this  size.  The  ingot  was  sound 
except  for  a few  small  pores  (1  void/sq  in.  surface  to  21  voids/sq 
in.  midradius)  as  determined  by  dye  penetrant  inspection  techniques. 
All  of  the  voids  were  less  than  30  microns  in  diameter. 

c.  25-Inch  Diameter  Casting  Trials  - Plant 

The  tooling  used  in  the  25-inch  diameter  casting  trials 
at  the  laboratory  was  transferred  to  Lafayette  Works  and  installed 
at  a ladle  casting  station.  The  initial  tria1  with  the  casting 
practice  developed  in  the  laboratory  was  unsuccessful  due  to  an 
excessive  amount  of  butt  cracking.  This  problem  was  attributed 
to  differences  between  the  laboratory  and  plant  water  quench- 
abilities  and  water  supply  systems.  To  compensate,  it  was  necessary 
to  adjust  the  cooling  conditions  associated  with  the  start.  The 
following  items  were  changed  from  the  recommended  laboratory 
practice: 

BOTTOM  BLOCK  MATERIAL  - Aluminum  to  steel 

START  CASTING  RATE  - 1.00  to  1.05  ipm 

MOLD  COOLING  - 60  to  44  gpm 

A number  of  ingots  were  cast  using  the  revised  practice. 
Most  of  these  ingots  contained  short  butt  cracks  which  are  of 
little  consequence  because  the  defective  portion  was  confined  to 
the  normal  end  crop.  Details  of  the  casting  trials  that  success- 
fully completed  the  work  on  25-inch  diameter  7050  alley  ingot  are 
tabulated  in  Table  1. 

d.  35-Inch  Diameter  Casting  Trials  - Laboratory 

The  work  with  the  25-inch  diameter  7050  alloy  ingot  pro- 
vided a foundation  for  our  35-inch  diameter  work.  A special  Alcoa 
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level -pour  mold  (Figure  1)  and  a water-cooled  steel  bottom  block 
(Figure  2)  were  fabricated  and  installed  for  use  in  a setup 
identical  to  the  one  used  for  the  25-inch  diameter  laboratory 
tests.  The  same  basic  philosophy  for  developing  a casting  practice 
used  with  the  25-inch  diameter  ingot  was  employed,  namely,  the 
most  influential  casting  variables  were  varied  and  the  other  items 
were  held  as  constant  as  possible.  The  items  vazied  were:  metal 

feed  rate, 'start  casting  rate,  duration  of  start  casting  rate, 
duration  of  bottom  block  cooling,  wiper  distance,  and  running 
casting  rate. 

This  larger  ingot  size  initially  generated  more  violent  cracks  but 
ultimately  crack-free  ingot  was  produced.  A tabulation  of  the 
successful  laboratory  casts  of  35-inch  diameter  7050  alloy  ingot 
is  shown  in  Table  2.  The  recommended  casting  procedure  for  plant 
trials  was  as  follows: 

MOLD  - Special  Alcoa  level  pour 

BOTTOM  BLOCK  - Water-cooled  steel 

METAL  TEMPERATURE  - 1265-1295°F 

START  CASTING  RATE  - 0.90  ipm  for  7.8  minutes 

RUNNING  CASTING  RATE  - 0.65  ipm 

MOLD  COOLING  - 50  gpm 

INGOT  COOLING  - 120  gpm 

WIPER  DISTANCE  - 7 inches 

DURATION  OF  BOTTOM-BLOCK  COOLING  - 16.5  minutes 
MOLD  FILL  - 3 minutes 


8 


e.  35-Inch  Diameter  Casting  Trials  - Plant 

The  tooling  used  for  the  laboratory  casting  trials  was 

transferred  to  Alcoa's  Lafayette  Works  and  installed  on  a ladle 

pour  casting  unit.  After  some  minor  adjustments,  five  crack-free 

ingots  were  cast  as  shown  in  Table  3.  The  need  for  the  adjustments 

was  again  attributed  to  the  differences  between  the  laboratory  and 

plant  water  guenchabilities  and  water  supply  systems.  Items 

altered  from  the  successful  laboratory  practice  were: 

WIPER  DISTANCE  - 7 inches  to  8 inches 
RUN  CASTING  RATE  - 0.65  to  0.61  ipm 

DURATION  OF  BOTTOM-BLOCK  COOLING  - 16.5  to  15  minutes 
At  this  point  the  experimental  work  was  considered  com- 
plete. However,  when  we  were  called  upon  to  produce  additional 
3 5- inch  diameter  ingot  for  fabrication  of  extrusions,  we  were  unable 
to  cast  a crack-free  ingot.  During  this  period,  38  consecutive 
cracked  ingot  with  a weight  of  approximately  200,000  lb  were  cast. 

As  a result,  a contract  extension  was  negotiated  to  provide  the 
time  and  funding  to  fulfill  the  contract  requirements. 

Casting  trials  performed  on  25  and  30-inch  diameter  7050 
alloy  ingot  using  development  funds  provided  by  the  Aluminum  Company 
of  America  resulted  in  the  formulation  of  a new  concept  for  casting 
large  diameter  7050  alloy  ingot.  Due  to  the  success  with  these 
smaller  diameter  ingot,  a completely  new  practice  was  developed 
for  35-inch  diameter  ingot.  Most  of  the  production  parameters  were 
extrapolated  from  the  practices  for  the  smaller  size  ingots,  and 
successful  practices  were  developed.  These  practices  are  discussed 
in  detail  in  the  section  "Produce  Extrusions,"  page  27. 


2.  Processing 


a.  Fabricating 

Effects  of  fabricating  practice  were  examined  in  two 
subprograms.  In  one,  the  object  was  to  determine  the  effects  of 
modifying  the  extrusion  temperature  within  the  limits  possible  in 
extruding  heavy  sections  of  strong  alloys.  In  the  other  subprogram, 
the  object  was  to  determine,  for  lighter  sections,  the  effects  of 
extrusion  temperature,  extrusion  ratio,  product  aspect  ratio 
(width : thickness) , test  specimen  location  (front  or  rear  of  the 
extrusion),  and  aging  conditions. 

(1)  Heavier  Sections 

Two  laboratory  cast  25-ir.ch  diameter  7050  ingots  (Table  4) 
were  extruded  on  the  14, 000-ton  extrusion  press  at  Alcoa's  Lafayette 
Works.  The  ingots  were  preheated  by  a two-step  practice  consisting 
of  4 hours  at  890°F  followed  by  36  hours  at  900°F.  The  unscalped 
ingots  were  extruded  into  Alcoa  section  263902  (Figure  5)  at 
either  800  or  750°F.  Cylinder  temperature  v/as  750°F.  The  extrusions 
were  solution  heat  treated  1 hour  at  900°F  in  a production  furnace, 
then  immersion  quenched  into  a tank  below  the  furnace  containing 
water  at  80°F  maximum  temperature.  The  solution  heat  treated 
extrusions  were  subsequently  stretched  between  1 and  2%  on  a 
3,000,000-lb  stretcher,  then  aged  four  days  at  room  temperature  plus 
24  hours  at  240-255°F  followed  by  an  aging  step  at  a furnace  setting 
of  32j°F.  About  4-2/3  hours  after  the  load  couple  reached  310°F, 
the  fan  belt  on  one  of  the  air  circulating  fans  in  the  age  oven 
broke,  so  the  load  was  pulled  while  the  fan  belt  was  being  replaced. 
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The  load  was  subsequently  returned  to  the  oven  and  soak  time  was 
counted  when  the  load  couple  reached  310°F.  The  metal  was  at  or 
above  310°F  for  15  hours. 

Twenty  4-foot  lengths  of  the  extrusions  were  ultrasonically 
inspected  per  MIL-I-8950  Class  A,  and  all  pieces  except  two  were 
acceptable. 

Structural  examinations  of  the  extrusions  revealed  no 
significant  effect  of  extrusion  temperature.  Macrostructures 
(Figure  6)  and  microstructures  (Figures  7a-7d)  were  comparable, 
and  X-ray  diffraction  revealed  only  insignificant  differences  in 
the  degree  of  recrystallization  at  the  midplane.  The  fine-grained 
structure  immediately  below  the  coarse-grained,  recrystallized 
structure  at  the  surface  of  the  rear  of  the  extrusions  is  unusual. 
Generally,  in  high-strength  aluminum,  alloys,  the  structure  im- 
mediately below  the  recrystallized  skin  is  similar  to  the  structure 
near  the  midplane.  The  fine-grained  structure  at  the  rear  of  the 
extrusions  extended  into  the  thickness  for  about  .05  inch  to  .G6 
inch;  below  this,  for  about  .06  inch  to  .08  inch,  the  structure 
resembled  that  at  the  front  of  the  extrusion  immediately  below  the 
coarse  layer.  Additional  work,  not  within  the  scope  of  this  contract, 
would  be  required  to  determine  effects  of  this  fine-grained  structure 
on  properties. 

Tensile  and  notch-tensile  (Figure  8)  tests  of  specimens 
from  the  front  and  rear  of  the  extrusions  (Table  5)  indicate  that 
the  difference  in  extrusion  temperature  had  no  effect  on  either 
tensile  properties  or  notch  toughness. 
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Lengths  of  these  extrusions  were  aged  for  additional 
times  at  325°F  in  the  laboratory  to  determine  whether  extrusion 
temperature  affected  the  combinations  of  strength  and  corrosion 
resistance  that  can  be  developed  in  7050  extrusions  fabricated 
from  large  ingot.  To  determine  resistance  to  exfoliation  cor- 
rosion, panels  machined  to  expose  either  the  midplane  (T/2)  or 
a plane  10%  below  the  extruded  surface  (T/10)  were  exposed  to  the 
EXCO  test  (ASTM  G34-72)  . 

Extrusion  temperatures  within  the  limits  examined  had  no 
effect  on  the  combination  of  strength  and  corrosion  characteristics 
developed  (Table  6).  All  panels  from  extrusions  aged  to  longi- 
tudinal yield  strengths  of  79  ksi  or  less  developed  an  E-A  level 
of  resistance  to  exfoliation  corrosion.  Correlations  with  lengthy 
outdoor  exposures  in  a seacoast  environment  predict  that  7XXX  alloy 
products  receiving  a rating  of  P or  E-A  and  possibly  E-B  after  a 
time  period  of  48  hours  in  the  EXCO  test  will  be  free  from  exfolia- 
tion in  outdoor  service  while  material  receiving  an  E-C  or  E-D 
rating  will  exfoliate. 

To  determine  resistance  to  stress-corrosion  cracking, 
1/8-inch  diameter  short-transverse  tension  specimens  were  stressed 
between  25  and  45  ksi  and  exposed  to  3.5%  NaCl  by  alternate  immersion 
according  to  Federal  Test  Standard  151b,  Method  823.  The  standard 
exposure  time  in  this  predictive  test  has  been  3 0 days,  but  a 20-day 
exposure  period  is  now  recommended  for  7XXX  alloys  containing  Cu 
(ASTM  G47-76).  Longer  exposure  times  can  lead  to  spurious  failures 
that  are  not  caused  by  intergranular  stress-corrosion  cracking. 
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Extrusion  temperature  had  no  effect  on  the  combination 
of  strength  and  resistance  to  stress-corrosion  cracking  developed 
in  these  extrusions  (Table  6) . Short-transverse  specimens  from 
extrusions  aged  to  longitudinal  yield  strengths  less  than  75  ksi 
passed  the  recommended  20-day  test  period  at  a stress  of  25  ksi,  but 
all  lots  failed  the  30-day  SCC  test  (3.5%  NaCl  alternate 
immersion)  when  stressed  at  25  ksi  and  higher  stresses. 

Supplemental  tests  were  performed  to  determine  the  re- 
sistance to  stress-corrosion  cracking  of  some  of  these  extrusions 
at  20  ksi.  Selected  samples  were  retested  at  25  ksi.  Statisti- 
cally significant  differences  were  noted  between  the  initial  and 
supplemental  test  results  for  three  of  the  four  sections  tested 
(Table  7).  However,  specimens  from  all  but  one  section  again  failed 
the  30-day  SCC  test  when  stressed  at  25  ksi,  thereby  confirming 
the  initial  test  results.  At  the  20  ksi  stress,  one  specimen  from 
the  highest  strength  (78.8  ksi)  section  failed,  and  all  the  remaining 
specimens  readily  passed  the  iO-^ay  SCC  test. 

Tests  were  also  conducted  on  sections  aged  to  lower 
longitudinal  yield  strengths  of  65.8,  68.8,  and'  70.2  ksi  (Table  8). 
One  test  specimen  from  the  section  aged  to  70.2  ksi  failed  in  less 
than  30  days  but  passed  the  20-day  exposure  period  at  a stress  of 
45  ksi.  All  of  the  other  specimens  passed  the  30-day  exposure, 
but  additional  failures  occurred  with  longer  exposure  (36-84  days). 
Microscopic  examination  revealed  mixed  intergranular-transgranular 
cracking  in  specimens  which  failed  in  45  days  or  less  and  trans- 
granular  cracking  in  specimens  which  failed  after  50  days  exposure. 
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The  results  of  this  work  indicate  that  extrusion  tempera- 
ture of  heavy  705C  sections  within  the  limits  imposed  by  availa- 
ble equipment  has  no  detectable  effect  on  structure,  mechanical 
properties,  and  resistances  to  stress-corrosion  cracking  or 
exfoliation  corrosion. 

(2)  Lighter  Sections 

Ten  rectangular  extrusions  were  extruded  from  plant  cast 
25-inch  diameter  7050  ingot  as  detailed  in  Table  9 to  evaluate 
extrusion  ratio,  extrusion  temperature,  section  geometry,  aging 
time,  and  test  specimen  location.  These  extrusions  were  solution 
heat  treated  80  minutes  at  890-900°F,  quenched  by  immersion  in 
water  at  less  than  90°F,  stretched  2 percent,  and  aged  24  hours  at 
240-255°F. 

Chemical  analyses  of  the  ingots  used  to  fabricate  the 
extrusions  (Table  10)  showed  that  the  compositions  of  all  of 
the  extrusions  except  for  the  one  fabricated  from  cast  No.  593-9 
(low  Mg)  were  similar.  Consequently,  differences  in  properties 
among  the  other  extrusions  can  safely  be  attributed  to  the  process- 
ing conditions.  Because  data  from  the  sole  extrusion  fabricated 
from  the  ingot  containing  low  Mg  was  not  included  in  the  analysis, 
the  difference  in  composition  did  not  affect  the  analysis  of  the 
results  of  this  experiment.  (The  process  for  this  extrusion  was 
replicated  using  other  ingots.) 

Mac restructure  of  the  extrusions  revealed  some  effects 
of  the  processing  conditions  (Figures  9a-9d).  The  most  pronounced 
effect  was  the  thick,  recrystallized  skin  at  the  rear  of  the 
sections  extruded  with  a low  ratio  at  a low  temperature.  The 
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absence  of  this  thick  Land  in  the  extrusion  extruded  with  a high 
ratio  at  the  low  temperature  is  attributed  to  the  longer  butt 
left  in  the  press.  Another  notable  feature  was  the  coarser  macro- 
structure  at  the  frent  of  the  sections  extruded  at  the  high 
temperature,  and  the  presence  of  annuli  at  the  rear  of  most  of 
the  extrusions. 

Sections  from  the  front  and  rear  were  aged  in  the 
laboratory  for  an  additional  6 to  32  hours  at  325°F.  Electrical 
conductivity  measurements  (Tables  11  and  12);  tensile  and  notch- 
tensile  tests  in  the  longitudinal,  long-transverse,  and  short- 
transverse  directions  (Tables  13  through  18);  exfoliation  corrosion 
tests  at  the  midplane  (Tables  19  and  20);  and  stress-corrosion 
cracking  tests  in  the  short-transverse  direction  (Tables  21  and  22) 
were  used  to  evaluate  these  extrusions.  Test  procedures  were 
similar  to  those  used  to  evaluate  the  heavier  extrusion  (Alcoa 
section  263902). 

The  tensile  properties  confirmed  that  strengths  of  the 
extrusion  fabricated  from  the  ingot  containing  /the  low  Mg  (S.  No. 
437679)  were  lower  than  those  of  extrusions  fabricated  similarly 

9 

(S.  Nos.  437680  and  437681).  Consequently,  tensile  test  results 

of  this  extrusion  were  not  used  in  comparisons  with  the  other 

* 

extrusions  in  the  experiment. 

Analysis  of  the  data  revealed  an  interaction  among 
strength,  electrical  conductivity,  extrusion  shape,  extrusion 
ratio,  and  extrusion  temperature.  The  1.5-inch  x 7.5-inch 
extrusions  extruded  at  a ratio  of  9 developed  significantly  lower 
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strengths  than  1.5-inch  x 7.5-inch  extrusions  extruded  with  a ratio 
of  32  and  2. 7 5- inch  x 4-ir.ch  extrusions  extruded  with  either  ratio 
(Figure  10).  This  phenomenon  is  tentatively  attributed  to  a com- 
bination of  differences  in  degree  of  recrystallization  and  aging 
kinetics;  the  strength  pf  the  section  extruded  at  600°F  was  below 
that  of  all  other  sections  when  compared  on  an  equal  electrical 

conductivity  basiX/  while  strength  of  the  section  extruded  at 

/ 

820°F  was  generally  comparable  to  that  of  the  other  extrusions  when 

compared  at  equal  electrical  conductivities  above  39.5%  I.A.C.S. 

/ 

/ 

Effects  on  notch  toughness  of  yield  strength,  fabricating 
variables,  test  specimen  location  and  orientation,  and  section 
geometry  were  determined  by  regression  analysis.  Procedure,  results, 
and  discussion  are  presented  in  Appendix  A.  The  most  significant 
findings  are  illustrated  in  Figure  11.  As  anticipated,  test  speci- 
men orientation  and  yield  strength  had  the  largest  effects.  The 
rate  of  decrease  of  notch  toughness  with  increasing  yield  strength 
was  smallest  in  the  longitudinal  direction  and  largest  in  the  short- 
transverse  direction.  Test  specimen  location  also  had  an  effect; 
the  rear  of  the  extrusion  generally  developed  slightly  higher 
toughness  than  the  front.  Fabricating  variables  and  section 
geometry  had  effects  which  strongly  depended  on  test  direction.  In 
the  long-transverse  direction,  aspect  ratio  had  the  strongest 
effect.  Notch  toughness  of  the  1-1/2-inch  x 7-1/2-inch  extrusions 
was  higher  than  that  of^  . le  2-3/4-inch  x 4-inch  extrusions,  par- 
ticularly at  high-strength  levels.  Extrusion  ratio  had  a smaller 
effect;  the  higher  extrusion  ratio  gave  higher  toughness,  particularly 

\ 
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at  low-strength  levels.  Extrusion  temperature  had  no  significant 
effect.  In  the  short-transverse  direction,  increasing  extrusion 
ratio  had  a large  positive  effect,  while  increasing  extrusion 
temperature  had  a smaller  positive  effect.  Effects  of  aspect  ratio 
were  insignificant.  In  the  longitudinal  direction,  effects  of 
section  geometry  and  extrusion  conditions  were  both  insignificant. 

Resistance  to  exfoliation  corrosion  was  rated  on  the 
basis  of  visual  examinations  of  the  corroded  midplane  of  the 
extruded  panels  after  exposure  in  the  EXCO  test.  Based  on  this 
predictive  test,  all  of  the  7050  extrusions  in  this  experiment 
that  had  been  aged  15  or  more  hours  at  325°F  (longitudinal  yield 
strengths  up  to  80  ksi)  are  anticipated  to  have  good  resistance  to 
exfoliation  corrosion  in  natural  environments.  Resistance  of  the 
extrusions  having  the  lower  aspect  ratio  was  generally  superior,  but 
extrusion  temperature  and  extrusion  ratio  had  no  apparent  effect. 
Supplementary  metallographic  examinations  on  representative  corroded 
specimens  that  had  been  aged  15  hours  at  325*F  (shortest  acceptable 
time  based  on  visual  examination)  and  had  been  exposed  for  48  hours 
• (longest  exposure  period)  revealed  no  evidence  of  exfoliation  (Figures 
12a-12d). 

The  stress-corrosion  test  results  were  analyzed  in  three 
ways:  (1)  Percent  survival  to  determine  effects  of  aging  time, 

(2)  Multivariable  probit  analyses  to  determine  effects  of  fabricating 
conditions  and  section  geometry,  (3)  Failure  time:yield  strength 
regression  analysis  to  determine  effects  of  section  geometry. 

(1)  Percent  Survival  - To  determine  effects  of  aging  time, 
analysis  was  performed  on  the  basis  of  both  the  older  30-day  test 
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specification  and  the  current  20-day  ASTM  test  specification. 
Results  of  this  analysis,  Table  23,  revealed  two  salient  points 
in  terms  of  the  objectives  of  this  contract. 

Fir?t,  all  of  the  7050  extrusions  aged  15  hours  at  325°F 
or  longer  developed  a short-transverse  resistance  to  stress- 
corrosion  cracking  that  was  substantially  higher  than  that  expected 
of  7075-T6.  Whereas  100  percent  and  97  percent  of  the  7050  test 
specimens  aged  15  hours  survived  the  20  and  30-day  specifications, 
respectively,  at  a stress  level  of  25  ksi,  and  100  percent  of  the 
7050  specimens  aged  20  hours  or  longer  survived  both  periods, 
no  7075-T6  test  specimens  exposed  at  this  stress  level  would  be 
expected  to  survive.  Moreover,  comparing  the  72.6  to  81.0  ksi 
longitudinal  yield  strengths  of  the  7050  extrusions  aged  in  this 
manner  with  the  72  ksi  guaranteed  longitudinal  yield  strength  of 
7075-T651X  extrusions  indicates  that  the  goal  of  developing 
strength  equal  to  that  of  7075-T6  with  improved  resistance  to 
stress-corrosion  cracking  can  be  realized  with  7050  extrusions, for  a 
wide  range  of  fabricating  conditions  and  section  geometries. 

Second,  all  of  the  7050  extrusions  aged  32  hours  at  325°F 
developed  a resistance  to  stress-corrosion  cracking  in  the  ac- 
celerated test  that  was  comparable  to  that  of  7075-T73  in  that  no 
specimens  failed  the  30-day  exposure  at  a stress  level  of  45  ksi. 

The  63.7  to  71.8  ksi  longitudinal  yield  strengths  of  the  7050 
extrusions  aged  in  this  manner  are  sufficiently  above  the  59  ksi 
guaranteed  yield  strength  of  7075-T7351X  extrusions  to  indicate 
that  7050  extrusions  can  meet  the  goal  of  developing  higher 
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strenyth  than  7075-T73  at  comparable  resistance  to  stress-corrosion 
cracking. 

(2)  Probit  Analysis  - A 30-day  exposure  period  was  selected 
for  multivariable  probit  analysis  of  the  effects  of  the  fabricating 
conditions  and  section  geometry  on  stress-corrosion  test  performance. 
This  method  of  analysis  is  used  to  evaluate  mean  stress-corrosion 
resistance.6  The  criterion  that  results  from  this  analysis  is 
called  mean  critical  strength.  The  higher  the  mean  critical  strength, 
the  more  favorable  the  combination  of  strength  and  resistance  to 
stress-corrosion  cracking.  Mean  critical  longitudinal  yield  strength 
was  used  as  the  basis  for  comparison  of  effects  of  extrusion  tempera- 
ture, extrusion  ratio,  and  section  aspect  ratio.  Results  of  the 
analysis  (Table  24 ) indicate  that  aspect  ratio  was  the  most  important 
factor  affecting  the  combination  of  yield  strength  and  stress- 
corrosion  resistance  that  could  be  developed.  The  1.5-inch  x 7.5- 
inch  extrusions  (aspect  ratio  5)  had  to  be  aged  to  a strength  5 
ksi  lower  than  that  of  the  2.75-inch  x 4.0-inch  extrusions  (aspect 
ratio  1.45)  to  develop  comparable  resistance  to  stress-corrosion 
cracking.  Extrusion  ratio  had  no  detectable  effect,  but  extrusion 
temperature  had  a noticeable  effect.  Increasing  the  extrusion 
temperature  from  the  low  level  of  600°F  to  800°F  increased  the  mean 
critical  yield  strength  by  as  much  as  4 ksi. 

The  effects  of  aspect  ratio  and  extrusion  temperature  on 
the  combination  of  yield  strength  and  resistance  to  exfoliation 
corrosion  that  can  be  developed  in  alloy  7050  extrusions  are 
attributed  to  their  effects  on  grain  morphology.  Whereas  the 
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grain  boundaries  of  the  2.75-inch  x 4.0-inch  extrusions  (lower 
aspect  ratio)  were  very  irregular,  Figure  13a,  the  grain  boundaries 
of  the  1.5-inch  x 7.5-inch  extrusion  (high  aspect  ratio)  were  much 
straighter,  Figure  13b.  Because  exfoliation  attack  and  stress- 
corrosion  cracks  could  easily  proceed  along  the  straight  boundaries 
but  would  be  forced  to  follow  a tortuous  path  along  irregular 
boundaries,  the  resistance  to  corrosion  and  stress  corrosion  of 
the  material  having  the  irregular  boundaries  would  be  higher.  In- 
creasing the  extrusion  temperature  of  the  1.5-inch  x 7. 5- inch 
extrusions  modified  the  grain  boundaries,  particularly  in  the 
transverse  plane  perpendicular  to  the  extrusion  direction,  Figure  14. 

(3)  Failure  Times  Yield  Strength  Regression  - A relationship 
of  the  form,  In  tf  = A + B(YS),  was  used  to  relate  specimen  failure 
time,  tf,  to  longitudinal  yield  strength,  YS.  Inspection  of  the 
data  prior  to  regression  analysis  revealed  three  separate  relation- 
ships between  fracture  time  and  yield  strength.  In  the  high- 
strength  region  (short  overaging  times) , fracture  times  were  shorter 

than  about  one  week  and  were  essentially  independent  of  yield 
strength.  In  the  low-strength  region  (long  overaging  times), 
fracture  times  were  generally  longer  than  40  days  and  increased 
little  with  decreasing  strength.  In  the  intermediate  strength 
region,  fracture  times  were  intermediate  and  log  fracture  time 
increased  linearly  with  decreasing  yield  strength.  The  results 
of  tests  of  specimens  in  the  intermediate  strength  range  were  used 
in  the  regression  analysis  to  determine  the  effect  of  yield  strength 
on  fracture  time.  The  best  estimate  of  the  yield  strengths  of  the 
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1.5- inch  x 7. 5- inch  (high  aspect  ratio)  and  the  2. 7 5- inch  x 4.00- 

inch  (low  aspect  ratio)  extrusions  that  would  have  fracture  times 
that  equaled  30  days  (Table  25)  confirms  the  probit  analysis  in 

that  the  high  aspect  ratio  extrusions  had  to  be  overaged  to  lower 
strength  to  develop  similar  average  SCC  test  performance.  Ad- 
ditional statistical  analyses,  however,  could  not  reject  the 
hypothesis  that  aspect  ratio  had  no  effect  on  yield  strength  at 
which  there  is  a high  probability  that  time  to  fracture  for  almost 
all  specimens  would  pass  a 30-day  exposure  period.  Many  more 
tests  would  have  to  be  performed  to  determine  with  high  confidence 
whether  extrusions  with  low  aspect  ratios  could  be  overaged  a 
lesser  amount  (higher  strengths)  and  develop  in  the  long-run  equiva 
lent  SCC  test  performance  to  high  aspect  ratio  extrusions.  In  the 
interim,  it  would  seem  prudent  to  base  aging  practices  for  all 
extrusions  on  the  most  conservative  case,  i.e.,  high  aspect  ratio 
extrusions. 

(3)  Conclusions 

Conclusions  regarding  effects  of  fabricating  practice  on 
properties  of  7050  extrusions  can  be  summarized  as  follows. 

1.  Extrusion  temperature  within  the  range  possible  in  the 
fabrication  of  wide,  heavy  extrusions  (v  750  to  800°F)  has  no  effect 
on  metallurgical  structure,  mechanical  properties,  and  resistances 
to  stress-corrosion  cracking  and  exfoliation  corrosion.  Con- 
sidering the  wider  range  of  temperature  (^600  to  800°F)  possible 
in  extruding  smaller  sections,  however,  higher  extrusion  tempera- 
ture favored  more  attractive  combinations  of  strength,  notch 
toughness,  and  resistance  to  stress-corrosion  cracking.  Maximum 
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extrusion  speed  usually  decreases  with  increasing  temperature* 
however*  so  productivity  will  decrease  and  costs  will  increase 
with  increasing  extrusion  temperature.  Consequently*  any  benefit 
must  be  assessed  on  a cost  effectiveness  basis. 

2.  Extrusion  ratio  bIeo  had  an  effect  on  the  combination  of 
strength*  toughness*  and  resistance  to  stress-corrosion  cracking 
that  can  be  developed.  Kigh  extrusion  ratios  are  favorable.  For 
many  shapes*  however*  extrusion  ratio  cannot  be  varied.  For 
others,  economics  usually  dictate  the  choice. 

3.  Section  geometry  had  a larger  effect  than  fabricating 
variables.  Sections  having  low  aspect  ratios  develop  more 
attractive  combinations  of  strength*  toughness*  and  resistance  to 
exfoliation  corrosion  and  stress-corrosion  cracking. 

4.  Extrusions  aged  15  hours  at  325*F  developed  longitudinal 
yield  strengths  comparable  to  those  of  7075-T651X  extrusions*  a 
resistance  to  exfoliation  corrosion  that  is  predicted  to  be 
excellent  in  natural  environments,  end  a resistance  to  stress- 
corrosion  cracking  in  the  critical  short-transverse  direction  that 
is  far  superior  to  that  cf  7075-16.  Extrusions  aged  32  hours  at 
325*F  developed  combinations  of  strength  and  resistance  to  stress- 
corrosion  cracking  that  exceeded  those  of  7075-T73. 

b.  Heat  Treating 

The  solution  heat  treatment  conditions  for  7050  extrusions 
were  previously  established*  so  heat  treatment  work  was  confined  to 
aging.  That  resistances  to  stress-corrosion  cracking  and  exfolia- 
tion corrosion  of  Al-Zn-Mg-Cu  alloy  products  increase  with  aging 
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time  beyond  peak  strength  at  temperatures  above  about  300°F  has 
been  established  for  years , and  alloy  7050  is  no  exception. 
Quantitative  relationships  between  the  degree  of  overaging  and  the 
level  of  resistance  of  7050  extrusions,  however,  were  needed. 
Consequently,  aging  conditions  which  will  produce  desired  levels  of 
strength  and  corrosion  characteristics  were  determined  during 
this  contract. 

In  the  early  stages,  an  attempt  was  made  to  use  a 
laboratory  solution  heat  treated  and  unstretched  extrusion  to 
correlate  second-step  aging  time  at  325eF  with  strength  and 
resistances  to  exfoliation  corrosion  and  stress-corrosion  cracking. 
Subsequent  unreported  work  funded  by  the  contractor  indicated,  how- 
ever, that  stretching  had  an  effect  on  aging  kinetics  as  well  as 
on  the  combination  of  strength  and  resistance  to  stress-corrosion 
cracking  that  was  developed  in  7050  extrusions.  Consequently,  the 
work  with  unstretched  extrusions,  presented  in  progress  reports, 
will  not  be  repeated  in  this  final  report. 

The  approach  finally  used  to  recommend  aging  practices 
was  to  combine  data  from  this  contract  with  unreported  Alcoa  data 
on  stretched  extrusions  and  correlate  longitudinal  yield  strength 
achieved  by  overaging  with  resistances  to  stress-corrosion  cracking 
in  the  short-transverse  direction  and  to  exfoliation  corrosion. 

Then  aging  practices  which  would  produce  the  desired  results  were 
calculated  from  knowledge  of  the  overaging  kinetics. 

Analysis  of  the  data  indicated  that  the  combination  of 
strength  and  corrosion  characteristics  that  would  be  developed 
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depended  to  a large  extent  on  extrusion  shape.  Wide,  thin  (<^2”) 
extrusions  had  to  be  overaged  to  lower  strengths  to  develop  the 
same  corrosion  characteristics  as  narrow,  thick  sections.  Interim 
reports  suggested  that  different  strength  levels  (and,  therefore, 
aging  practices)  be  established  for  7050  extrusions  on  the  basis  of 
aspect  ratio,  but  this  approach  is  not  recommended  at  this  time. 
Instead,  aging  practices  were  selected  that  giye  high  confidence 
that  7050  extrusions  of  any  shape  will  develop  the  level  of 
strength  and  have  the  resistances  to  stress-corrosion  cracking  and 
exfoliation  corrosion  that  is  specified  for  a particular  temper. 

Preliminary  analyses  of  the  longitudinal  yield  strength 
and  stress-corrosion  test  data  indicated  that  the  maximum  longitu- 
dinal yield  strength  of  wide,  thin  7050-T7351X  extrusions 
should  be  no  greater  than  about  73  ksi  to  provide  high  confidence 
that  short-transverse  specimens  would  survive  30  days  in  the  alter- 
nate immersion  test  at  a stress  level  of  45  ksi.  Preliminary 
analysis  of  the  longitudinal  yield  strength  and  exfoliation  test 
data  indicated  that  the  maximum  longitudinal  yield  strength  of 
wide,  thin  7050-T7651X  extrusions  should  be  no  greater  than 
about  78  ksi  to  provide  high  confidence  that  test  panels  would 
display  an  acceptable  degree  of  exfoliation  (<E-B  in  the  EXCO  test). 

Knowledge  and  application  of  the  aging  kinetics  of  7050 
provided  the  ability  to  predict  aging  conditions  required  to 
develop  the  desired  strength.  The  kinetics  of  the  decrease  in 
yield  strength  on  overaging  7050  at  temperatures  in  the  300-360®F 
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temperature  range  have  been  described  analytically  by  the  following 
equation. 7 


YS 


a exp  - t/F 


YS 


(1) 


where:  YS  = yield  strength,  ksi,  after  agin?  for  any  time,  t,  in  hours, 

a * factor  which  depends  on  composition,  fabrication 
practices,  and  test  direction, 


YS 


1.4D  x 10-'*  exi  JHU), 


(2) 


where:  T = aging  temperature,  °F. 


During  commercial  precipitation  heat  treatments,  the  time 
required  to  heat  to  the  soak  temperature  may  be  longer  than  the  soak 

time,  so  effects  of  heating  time  on  properties  must  also  be  con- 

» 

sidered.  For  alloy  7050  in  overaged  tempers,  the  net  effect  of 
the  precipitation  during  heating  is  to  decrease  strength  relative 
to  that  obtained  on  material  heated  at  faster  rates  even  though 
strength  is  initially  increasing  during  the  heatup. 

Because  the  300  to  360°F  overaging  reactions  are  iso- 
kinetic, i.e.,  differ  only  by  a time  factor,  effects  of  heating 
through  this  temperature  range  to  the  maximum  artificial  aging 
temperature  are  additive.  The  solution  of  the  following  equation 
estimates  the  decrease  in  yield  strength  of  overaged  7050  at- 
tributable to  precipitation  during  heating: 


YS  loss 
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where:  t - time  at  start  of  heating, 

c 

tg  = time  at  end  of  heating. 

Yield  strength  after  any  type  of  heating  curve  followed  by  an  iso- 
thermal precipitation  heat  treatment  can  be  estimated  by  combining 
effects  of  heating  to  the  aging  temperature  and  soak  time  at  the 
aging  temperature: 


YS  = a exp  - t/F 


YS 


= a exp  - tc/Fys  + \ 


dt 

F ' 
xS 


(4) 


where:  t = hold  time  at  constant  temperature, 

c 

Equation  (4)  provides  the  basis  for  selecting  a nominal  aging  time, 
t,  to  provide  the  desired  yield  strength  and  gives  the  furnace 
operator  a method  cf  compensating  for  heating  rate  and  for  dif- 
ferences in  soak  temperature  between  that  desired  and  attained. 

The  effects  of  neglecting  to  compensate  for  soaking  at 
temperatures  other  than  at  350°F  can  be  large.  For  example,  the 
calculated  difference  in  strength  between  7050  extrusions  soaked 
8 hours  at  either  345°F  or  355°F  is  ^7  ksi,  » v.d  the  calculated 
difference  in  strength  between  7050  extrusions  soaked  8 hours  at 
either  34C°F  or  360°F  is  ^14  ksi.  Neglecting  to  compensate  for 
time  spent  during  heating  to  the  soak  temperature  will  increase 
the  variability.  Mcca  has  patented*  a process  for  compensating 
for  precipitation  during  heating  and  for  soaking  at  temperatures 
different  from  the  set  point. 

*US'P  3^45864. 
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The  appropriate  aging  times  at  350°F  to  develop  strengths 
5 ksi  below  the  estimated  maximums  of  78  ksi  for  7050-T7651X  and 
73  ksi  for  7Q50-T7351X  were  estimated  using  the  following  re- 
lationship: 


YS  = a exp  - (t/41.69),  (5) 

where:  YS  = yield  strength  after  aging  for  tine,  t,  in  hours, 

a * estimated  to  be  a mean  of  89.5  ksi  for  7050 

extrusions  from  analysis  of  a variety  of  tests. 

Solving  this  equation  for  t gives  values  of  8.5  and  11.5  hours 
aging  times  for  YS  of  73  and  68  ksi  (5  ksi  below  the  estimated 
maximum  for  T7651X  and  T7351X),  respectively.  Rounding  off  gives 
estimates  of  8 hours  at  350°F  for  7050-T7651X  and  12  hours  at 
350°F  for  7050-T7351X. 

In  conclusion,  the  equivalent  of  8 and  12  hours  at  350°F, 
respectively,  are  indicated  to  be  initial  guidelines  for  second- 
step  aging  practices  for  7050-T7651X  and  T7351X  extrusions.  Failure 
to  compensate  for  aging  during  heatup  and  for  soak  temperatures 
that  are  more  than  a few  degrees  from  the  nominal  soak  temperature 
can  lead  to  the  development  of  strengths  which  are  either  higher 
or  lower  than  acceptable. 

III.  PRODUCE  EXTRUSIONS 

1.  Ingot  Casting 

Sufficient  25-inch  diameter  ingots  were  cast  in  Phase  I 
so  that  no  additional  ingots  of  this  size  were  required  to  produce 
the  extrusions  needed  for  Phase  II. 
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The  35- inch  diameter  ingots  were  cast  using  Alcoa's 


production  level-pour  meld  (Figure  1).  The  metal  was  melted  in 
a 6C ,000-lb  melting  furnace  and  transferred  to  a 60,000-lb  holding 
hearth.  There  was  no  metal  treatment  or  grain  refinement  in  the 
holding  furnace.  During  casting,  the  metal  passed  through  Alcoa 
528  (U.S.  Tatent  3,373,305)  and  181  (U.S.  Patent  3,039,864)  process 
units  to  filter  out  solid  foreign  material  and  remove  hydrogen 
just  before  the  molten  metal  entered  the  molds.  The  metal  was  grain 
refined  using  Kawecki  TIBOR  rod  in  the  transfer  system.  The  ingots 
were  cast  two  at  a time. 

For  each  drop,  the  metal  was  permitted  to  flow  slowly 
into  the  water-cooled  mold  for  three  minutes  before  the  platen  was 
started  down.  Water  was  applied  to  each  mold  at  140  gprn.  This 
water  was  allowed  to  flow  down  the  surface  of  the  ingot  for  ten 
inches  and  then  was  completely  removed.  The  metal  depth  above  the 
water-cooled  steel  starting  block  (Figure  2)  was  approximately  four 
inches  when  the  starting  casting  rate  was  initiated.  The  initial 
8.5  inches  of  ingot  was  cast  at  0.6  ipm  and  then  the  bottom  block 
cooling  was  turned  off  and  the  casting  rate  was  increased  to  0.7 
ipir.  At  this  stage,  the  ingot  butt  was  approximately  half  way 
between  the  bottom  of  the  mold  and  the  wiper.  These  conditions  of 
casting  speed,  water  volume,  and  wiper  location  set  up  an  ingot 
surface  equilibrium  temperature  of  430°F. 

This  equilibrium  temperature  is  determined  by  the  flow 
of  heat  from  the  hot  ingot  center  into  the  water-cooled  ingot 
shell.  As  a result  of  all  the  cooling  water  being  removed  by  the 
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wiper  locatec  ten  inches  below  the  mold,  the  equilibrium  tempera- 
ture was  achieved  eight  to  ten  inches  below  the  wiper.  This 
reheating  of  the  water-cooled  ingot  shell  relieved  stresses  that 
developed  in  the  ingot  during  solidification. 

A total  of  sixteen  ingots  approximately  180  inches  long 
were  cast  using  the  practices  shown  in  Table  26 • Eleven  of  the 
ingots  contained  at  least  152  inches  of  crack-free  metal.  A 
typical  ingot  is  shown  in  Figure  15. 

As  noted  in  the  remarks  column  of  Table  26,  all  except  one 
of  the  usable  ingocs  contained  short  butt  cracks  of  the  shear  type. 
Minor  modifications  in  the  casting  practice  will  eliminate  these 
nuisance-type  cracks.  Since  a substantial  butt  crop  is  required 
on  this  type  of  ingot,  very  little  metal  was  lost  as  a result  of 
this  type  of  cracking. 

An  etched  slice  taken  from  a representative  ingot  revealed 
an  equiaxed  grain  structure  which  was  somewhat  coarser  in  the 
center  of  the  ingot.  The  A5TM  macro  grain  size  at  various 
locations  was:  M 11.9  outside,  M 9.3  mid-radius  and  center.  A 

d penetrant  examination  revealed  a small  amount  of  fine  porosity. 
We  noted  zero  voids/sq  in.  at  the  outside,  12  voids/sq  in.  at  the 
mid-radius,  and  20  voids/sq  in.  at  the  center.  A metallographic 
examination  showed  a relatively  fine  dendritic  structure  for  a 
large  ingot.  The  dendrite  arm.  spacings  measured  at  the  locations 
noted  were:  0.0020  inch  one  inch  from  surface,  0.0030  inch  mid- 

radius, 0.0030  inch  center.  These  quality  control  tests  all 
indicate  the  ingot  was  sound  and  suitable  for  further  fabrication. 
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The  necessity  to  alter  the  casting  practice  for  the  35-inch 
dianeter  production  ingot  after  the  original  success  in  the  labora- 
tory and  the  plant  during  Phase  I warrants  further  explanation.  As 
previously  explained,  a casting  practice  requires  a balance  of 
several  interrelated  factors.  There  is  never  a single  unique 
practice  for  a giver,  alloy  and  size.  As  a result,  failure  of 
casting  practices  to  reproduce  is  not  an  uncommon  occurrence. 
Establishing  an  acceptable  plant  practice  requires  finding  a set 
of  conditions  which  afford  sufficient  safety  factor  to  permit 
commercial  recoveries  in  a production  plant  environment.  Apparently, 
the  first  set  of  casting  conditions  were  adequate  in  the  laboratory 
and  in  the  plant  when  "things  were  just  right."  The  second  set  of 
casting  parameters  were  necessary  to  establish  a real  world  pro- 
duction practice  which  requires  a little  less  control  than  the 
original  casting  practice. 

2.  Extrusion  and  Heat  Treatment 
The  extrusions  for  MIL-HDBK-5  testing  were  produced  in 
three  stages:  (1)  7050-T7351X  extrusions  from  a 21-inch  diameter 

cylinder,  (2)  7C5C-T7651X  and  7050-T7351X  extrusions  from  25  and 
29-inch  diameter  cylinders,  (3)  additional  C5A  wing  plank  7050-T7351X 
extrusions. 

a.  21-Inch  Diameter  Cylinder 

Five  extrusions  were  produced  from  25-inch  diameter  ingot 
scalped  tc  21  inches  and  preheated  4 hours  at  860-880°F  plus  36 
hours  at  880-90G°F.  Billets  were  extruded  into  two  aircraft  sections 
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and  three  rectangles  (1.5-in.  x 7.5-in.,  3.5-in.  x 7.5-in.,  and 
5.0- in.  x 6.25-in.)  (Figures  16  and  17)  using  the  practices  in 
Table  27. 

All  of  the  extrusions  were  solution  heat  treated  in  the 
same  furnace  load  for  80  minutes  soak  at  890-900°F  and  quenched  by 
immersion  in  cold  water.  All  were  stretched  1 to  3%  permanent  set. 
Subsequent  straightening  was  not  performed.  \ 

Because  these  extrusions  were  aged  prior  to  the  develop- 
ment of  a guideline  for  aging  7C50-T7351X  extrusions,  the  practice 
was  selected  by  estimating  from  available  data.  A practice  of  24 
hours  at  240-255#F  followed  by  the  equivalent  of  31  hours  at  320°F 
was  selected.  Plant  quality  control  tensile  tests  (Tabic  28)  showed 
that  longitudinal  yield  strengths  were  about  1 to  4 ksi  below  the 
desired  maximum  of  73  ksi. 

The  finished  extrusions  were  inspected  per  MIL-I-8950, 

Class  A and  all  were  acceptable. 
b,  25  and  29-Inch  Diameter  Cylinders 

These  extrusions  were  produced  from  25-inch  and  35-inch 
diameter  ingots  preheated  16  hours  at  860-880°F  plus  36  hours  at 
880-900°F.  The  35-inch  diameter  ingots  were  scalped  to  29-inch 
diameter  billet  and  with  the  2 5- inch  diameter  ingots  were  extruded 
into  five  aircraft  shapes  (Figures  18  through  22)  using  the  practices 
in  Table  29.  An  extra  extrusion  of  section  900102  ’/as  produced  full 
length  to  demonstrate  the  capability  of  fabricating  the  widest  and 
thickest  extrusions  needed  for  the  proposed  C5A  wing  modification. 
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All  of  the  extrusions  were  heat  treated  for  80  minutes  at 
S90-900°F,  quenched  into  cold  water,  and  stretched  1 to  3%.  The 
extra  length  of  900102  was  joggled  (kinked)  per  Figure  23. 

Six  of  the  extrusions  were  subsequently  aged  using  the 
equivalent  of  6 hours  at  350°F  following  a first-step  of  24  hours 
at  240-255°F.  Discounting  results  from  the  rear  of  one  of  the 
extrusions  (extrusion  had  begun  to  recrystallize  at  test  specimen 
location),  plant  tensile  tests  (Table  30)  confirmed  that  8 hours 
at  350°F  was  ar.  appropriate  second-step  aging  practice  for  7050- 
T7651X  extrusions.  The  mean  longitudinal  yield  strength  of 
specimens  taken  from  the  front  and  rear  was  73.3  ksi  (73  ksi  target). 

The  remaining  six  extrusions  were  aged  24  hours  at 
240-2558F  followed  by  the  equivalent  of  12  hours  at  350°F.  Plant 
test  results  (Table  30)  indicated  that  the  time  of  the  second  step 
nay  be  slightly  short  for  aging  705C-T7351X  extrusions.  The  mean 
longitudinal  yield  strength  of  specimens  taken  frca  the  front  and 
rear  was  69.2  ksi  (68  ksi  target).  Two  of  the  extrusions,  however, 
had  yield  strengths  slightly  higher  and/or  electrical  conductivities 
slightly  lower  than  preliminary  analysis  suggested  were  appropriate 
for  705G-T7351X  extrusions.  Consequently,  they  were  aged  the 
equivalent  of  an  additional  4 hours  at  350°F,  and  mean  strengths 
dropped  to  68.5  ksi. 

The  extrusions  were  ultrasonically  inspected  at  the  plant 
per  MIL-I-8950,  Class  A.  All  of  the  extrusions  met  this  level 
except  two  10-foot  lengths  of  section  291812  which  were  suspect. 
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c.  Additional  C5A  Wing  Plank  Extrusions 

Ten  ingots  were  preheated  as  described  in  the  preceding 
section.  Full  length,  29-inch  diameter  x 76-inch  billets  were 
extruded  at  740°F  to  790°F  with  a cylinder  temperature  of  800°F. 

Five  of  the  billets  were  solution  heat  treated  one  hour 
at  890-900°F  and  quenched  in  cold  water.  Pieces  17  and  19  were 
heat  treated  in  one  load,  and  pieces  20,  21,  and  24  were  heat 
treated  in  another  load.  The  solution  heat  treated  extrusions  were 
stretched  1-3%,  sawed  to  21  feet  lengths,  and  joggled  on  one  end 
within  four  hours  of  quenching. 

The  heat  treated  extrusions  were  ultrasonically  inspected 
using  standard  procedures,  and  all  met  the  requirements  of  MIL-I- 
8950,  Class  A. 

The  front  and  rear  21-foot  sections  of  the  solution  heat 
treated  panels  were  artificially  aged  4 hours  at  240-255°F  plus  the 
equivalent  of  12  hours  at  350°F.  The  front  lengths  were  aged  in 
one  load  and  the  rear  lengths  in  another. 

Longitudinal  tensile  properties  and  electrical  conduc- 
tivities were  determined  at  the  plant  (Table  32).  Mean  longi- 
tudinal yield  strength  was  65.6  ksi.  Despite  the  differences  in 
composition,  solution  heat  treatment  batch,  age  load,  and  test 
location,  the  range  in  strengths  was  small  (63.6  to  66.8  ksi  yield 
strength  and  74.4  to  76.7  ksi  ultimate  tensile  strength).  The 
electrical  conductivity  values  fell  within  the  band  of  yield 
strength  versus  electrical  conductivity  that  had  previously  been 
observed  for  7050-T7XXX  extrusions. 
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IV.  EVALUATE 


1.  Composition 

The  compositions  of  all  extrusions  were  well  within  the 
limits  of  5. 7-6. 7%  Zn,  1.9-2. 6%  Mg,  2.0-2. 6%  Cu,  0.08-0.15%  Zr, 

0.15%  max  Fe,  and  0.12%  max  Si  (Tables  33,  34,  and  35).  The  means 
and  estimates  of  the  standard  deviation  for  the  major  alloying 
elements  were  6.19%,  0.17%  (Zn);  2.19%,  0.09%  (Mg);  and  2.23%, 

0.11%  (Cu).  The  means  agreed  favorably  with  the  nominal  6.2%  Zn, 

2.25%  Mg,  and  2.3%  Cu,  and  the  estimates  of  the  standard  deviations 
suggest  that  future  problems  in  meeting  these  limits  will  be 
minimal.  Impurity  contents  ranged  from  0.08  to  0.13%  Fe  and  0.04 
to  0.10%  Si,  while  Zr  content  ranged  between  0.09  and  0.11%. 

2.  Ultrasonically-Detected  Discontinuities 

Tests  were  made  on  the  two  ten-foot  lengths  of  section 
291812  which  were  suspect  on  the  basis  of  plant  ultrasonic  tests. 

The  two  lengths  were  reinspected  at  Alcoa  Laboratories,  and  the 
indications  did  not  exceed  Class  A of  MIL-I-8950  (Tables  36  and  37). 

The  locations  of  all  indications  exceeding  30%  of  that  made  by  a 
test  block  having  a 3/64-inch  flat  bottom  hole  at  comparable  metal 
distance  were  marked  on  the  surface  cf  the  extrusion,  and  longitu- 
dinal and  long-transverse  tensile  and  axial-stress  fatigue  specimens  were 
machined  to  position  the  discontinuity  in  the  approximate  center  of 
the  gauge  length.  These  specimens  were  re-ultrasonically  inspected 
after  rough  preparation  to  confirm  that  the  discontinuity  was  present 
in  the  specimen.  The  transverse  tensile  blanks  did  not  contain 
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discontinuities.  Table  38  shows  the  results  of  the  ultrasonic 
inspection  of  the  specimen  blanks  and  correlates  these  data  with 
those  obtained  on  the  extrusions.  The  specimen  blanks  contained 
discontinuities  classed  as  3-,  3,  and  3+.  Discontinuities  of  this 
size  whose  centers  are  not  closer  than  one  inch  are  permitted  in 
MIL-1-8950,  Class  A. 

Table  39  presents  the  results  of  the  tensile  properties. 
The  differences  between  yield  and  tensile  strengths  and  the  elonga- 
tion and  reduction  in  area  values  indicate  that  the  presence  of  a 
discontinuity  had  no  effect. 

The  axial-stress  fatigue  data  are  plotted  in  Figure  25  with 
data  obtained  on  specimens  which  contained  no  discontinuities.  They 
show  no  effect  of  discontinuities  on  fatigue  life. 

3.  Design  Mechanical  Properties 
a.  Tensile,  Compressive,  Shear  and  Bearing 

(1)  Procedure 

Tensile,  compressive,  shear,  and  bearing  tests  were  made 
using  the  smallest  suitable  range  of  an  Amsler  20,000-lb  (type 
105XBDA58),  an  Olsen  Electomatic  30,000-lb,  an  Olsen  Super-L 
20,000-lb,  or  a Southwark-Tate-Emery  50,000-lb  capacity  Universal 
Testing  Machine.  The  accuracy  of  these  machines  was  always  within 
that  required  by  A STM  Method  E4.® 

In  general,  the  test  specimens  were  the  same  as  those  used 
in  previous  investigations  of  plate,  extrusions,  and  forgings. 9-1  •* 
Single  tests  of  each  type  of  specimen  were  made.  Longitudinal 
specimens  were  taken  in  the  locations  specified  in  ASTM  B557ls  and 
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long-transverse  and  short-transverse  specimens  were  taken  from  the 
center  of  the  width  and  thickness  of  the  predominate  part  of  the 
section. 

Tensile  tests  were  made  in  accordance  with  ASTM  E816 
with  1/2- in.  diameter  tapered  seat  specimens,  except  where  it  was 
necessary  to  use  subsize  round  specimens  (Figure  26).  The  yield 
strengths  were  determined  from  autographically  recorded  load-strain 
diagrams. 

Compressive  tests  of  cylindrical  specimens  (Figure  27) 
were  made  in  accordance  with  ASTM  E917  using  a subpress  (Figure  3 
of  ASTM  E9).  The  yield  strengths  were  determined  from  autographi- 
cally recorded  load-strain  diagrams. 

Shear  tests  were  made  of  cylindrical  specimens  (Figure  27) 
in  an  Amsler  double-shear  tool  in  which  a 1-inch  length  is  sheared 
from  the  center  of  a 3-inch  long  specimen,  the  end  thirds  being 
supported  throughout  their  length.18  In  the  tests  of  longitudinal 
and  long-transverse  specimens,  the  loads  were  applied  in  the 
direction  normal  (ST)  to  the  major  surface  of  the  extruded  shape; 
in  the  tests  of  short-transverse  specimens,  the  loads  were  applied 
in  the  longitudinal  direction.18 

Bearing  tests  were  made  in  accordance  with  ASTM  E23819 
using  flatwise  longitudinal  and  long-transverse  specimens  of  the 
type  shown  in  Figure  28.  The  bearing  ultimate  and  yield  strengths 
were  determined  at  edge  distances  of  1.5  and  2.0  times  the  pin 
diameter.  The  bearing  yield  strength  was  obtained  by  determining 
the  load  at  a permanent  deformation  of  2 percent  of  the  pin  diameter 


36 


as  indicated  on  an  autographic  load-deformation  diagram.  The 
specimens  and  test  fixtures  were  cleaned  ultrasonically  as  pre- 
scribed in  ASTM  E238. 

(2)  Results  and  Discussion 

The  results  of  the  tensile,  compressive,  shear,  and 
bearing  tests  for  the  five  lots  of  7050-T7651X  shapes  are  shown  in 
Table  40  and  those  for  the  7050-T7651X  shapes  tested  on  a NASC 
contract  are  shown  in  Table  41.  The  corresponding  results  for  the 
7050-T7351X  shapes  are  shown  in  Table  42  (section  area  <43  in.  2) 
and  Table  43  (section  area  61  to  66  in.2).  The  longitudinal 
tensile  properties  of  all  shapes  met  applicable  tentative  minimum 
values. 20 

For  a particular  temper,  level  of  properties  depended  on 
type  of  test,  section  thickness,  and  test  direction.  The  longitu- 
dinal tensile  ultimate  and  the  longitudinal  tensile  and  compressive 
yield  strengths  increased  a few  percent,  and  the  corresponding 
long-transverse  tensile  ultimate  and  yield  strengths  decreased  as 
much  as  8 percent  as  the  section  thickness  increased;  the  long- 
transverse  compressive  yield  strengths  decreased  little,  if  any, 
with  thickness.  The  small  amount  of  short-transverse  data  indicated 
the  same  general  trend  with  thickness  as  the  corresponding  long- 
transverse  data.  The  longitudinal  tensile  elongation  values 
decreased  slightly  with  increasing  thickness  while  the  long- 
transverse  and  short-transverse  elongation  values  decreased  to  a 
greater  extent.  As  with  extrusions  in  other  alloys,  the  long- 
transverse  elongation  values  tended  to  approach  those  of  the 
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short-transverse  direction  as  the  aspect  (width-to- thickness)  ratio 
decreased.  There  was  no  significant  decrease  in  shear  strengths 
with  increased  thickness  for  the  T7651X  temper/  but  a few  ksi 
decrease  for  the  T7351X  temper.  Bearing  properties  in  general 
showed  little  decrease  with  thickness/  at  most  an  average  of  7 ksi. 

Effect  of  temper  on  the  level  of  properties  developed 
depended  mainly  on  the  property  and  on  the  test  direction.  The 
differences  in  tensile  strength  levels  of  the  two  tempers  were  in 
a range  from  4 to  6 ksi  for  ultimate  strengths  and  5 to  8 ksi  for 
tensile  yield  strengths;  the  largest  and  smallest  spread  was  in  the 
longitudinal  and  short-transverse  properties/  respectively.  The 
spread  in  compressive  yield  strengths  averaged  about  8 ksi.  The 
only  significant  differences  in  elongation  values  were  in  the  mid- 
to-thick  range  of  the  long-transverse  and  short-transverse  directions; 
the  elongation  values  for  the  T7351X  temper  were  up  to  twice  those 
of  the  T7651X  temper.  Differences  in  shear  strengths  averaged 
about  3 to  6 ksi#  and  bearing  property  differences  averaged  from 
8 to  12  ksi. 

Sections  900102  (C5A  panels)  and  291812  (cross-sectional 
areaf  61  to  66  in.2)  exhibited  a relatively  high  level  of  tensile 
and  compressive  properties  compared  to  those  of  the  shapes  of 
smaller  cross-sectional  areas  having  comparable  section  thicknesses. 
Generally/  the  longitudinal  and  short-transverse  strengths  averaged 
only  3 to  5 ksi  lower  than,  and  the  long-transverse  strengths  about 
equal  to,  those  of  the  smaller  shapes.  The  corresponding  shear  and 
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bearing  properties  were  generally  in  the  same  range  as  those  of  the 
smaller  shapes. 

b.  Stress-Strain/  Compressive  Tangent-Modulus  Curves,  and 
Modulus  of  Elasticity 

(1)  Procedure 

Tensile  and  compressive  stress* strain  tests  were  made  of 
longitudinal,  long-transverse,  and  when  possible,  short-transverse 
specimens  from  representative  lots  of  each  temper.  The  tests  were, 
in  general,  conducted  in  accordance  with  ASTM  Elll.21  The  tensile 
and  compressive  specimens  were  of  the  type  shown  in  Figures  26  and 
27,  respectively. 

Loads  were  measured  with  Revere  Super  Precision-type  load 
cells  having  an  accuracy,  traceable  to  the  National  Bureau  of 
Standards,  of  0.1  percent  of  rated  output.  Strains  were  measured 
with  Micro-Measurements  Type  CEA-13-062UW-350  and  CEA-13-125UW-350 
strain  gauges.  These  gauges  have  a gauge  factor  accuracy  of  0.5 
percent  and  a resistance  accuracy  of  0.3  percent.  Overall  accuracy 
of  the  load  measurement  was  0.5  percent  of  reading  or  0.25  percent 
of  full  scale,  whichever  was  larger.  Strain  measurement  accuracy 

was  0.7  percent  of  reading  or  0.5  percent  of  full  scale,  whichever 
was  larger;  the  accuracy  of  the  gauges  was  well  within  the  re- 
quirements established  for  Class  Bl  extensometers  in  ASTM  E83.22 

The  tests  were  carried  beyond  the  yield  strength  of  the 
material.  The  stress  and  strain  signals  were  recorded  on  a Mosley 
X-Y  recorder  for  monitoring  purposes  and  in  computer  storage.  The 
modulus  of  elasticity  values  were  detexmined  from  Tuckerman  analysis 
plots  of  each  test  as  described  in  ASTM  Elll.  Typical  (and  average 
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for  the  T 73 5 IX  C5A  panels)  tensile  and  compressive  stress-strain 
curves  were  developed  for  each  temper  by  methods  equivalent  to 
those  outlined  in  MIL-HDBK-5  Guidelines. 2 3 The  compressive  tangent- 
modulus  curves  were  developed  from  the  typical  and  average  com- 
pressive stress-strain  curves.  The  data  obtained  on  an  NASC 
contract  for  the  T7651X  temper  were  also  included  to  establish 
the  typical  curves. 5 

(2)  Results 

The  results  of  the  tensile  and  compressive  stress-strain 
and  modulus  of  elasticity  tests  are  summarized  in  Table  44.  The 
modulus  of  elasticity  values  averaged  about  the  same  for  both 
tempers.  The  nominal  values  were  10.3  x 103  ksi  in  tension  and 
10.7  x 103  ksi  in  compression.  In  tension,  the  longitudinal  values 
averaged  0.5  percent  lower,  long-transverse  values  averaged  1.6 
percent  higher  and  the  short-transverse  values  average  1 percent 
lower  than  the  nominal  value  of  10.3;  in  compression,  they  averaged: 
longitudinal  - equal  to,  long-transverse  - 3 percent  higher  than, 
and  short-transverse  - 1.2  percent  higher  (T7651X)  and  0.4  percent 

lower  (T7351X)  than  the  nominal  value  of  10.7 

The  typical  stress-strain  and  compressive  tangent-modulus 

curves  were  developed  for  two  thickness  ranges  of  each  temper, 

<1.999  in.  and  2.000  to  5.000  in*  areas  743  in.2.  These  are  shown 
in  Figures  29  and  30  for  the  T7651X  and  Figures  31  and  32  for  the 
T7351X  shapes.  The  typical  longitudinal  tensile  yield  strengths 
were  based  on  production  data,  and  the  yield  strengths  for  the  other 
curves  were  established  from  the  average  ratios  of  the  yield  strengths 
in  Tables  40  through  43  and  the  corresponding  typical  longitudinal 
tensile  yield  strength. 
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Average  straas-strain  and  compressive  tangent-modulus 
curves  are  shown  in  Figure  33  for  the  7050-T7351X  extruded  C5A 
panels  since  there  is  presently  insufficient  production  data  to 
establish  typical  longitudinal  tensile  yield  strengths  of  shapes  of 
such  large  cross-sectional  areas.  These  curves  are  based  on  the 
average  of  the  properties  shown  in  Table  43  for  the  six  lots  of 
C5A  panels  {section  900102)  and  stress-strain  tests  of  two  of  these 
lots. 

(3)  Conclusion 

The  modulus  of  elasticity  values  for  7050-T7351X  are 
comparable  to  those  of  7050-T7651X.  The  average  values  are 
10.3  x 103  ksi  in  tension  and  10.7  x 103  ksi  in  compression. 

c.  Derived  MIL-HDBK-5  Properties 

The  ratios  among  the  tensile,  compressive,  and  shear 
properties  are  shown  in  Table  45  for  the  T7651X  temper  and  Table  46 
for  the  T7351X  temper;  the  corresponding  bearing/tensile  ratios  are 
shown  in  Tables  47  and  48,  respectively.  The  ratios  computed  for 
the  samples  with  cross-sectional  areas  61  to  66  in.2  were  not 
included  in  the  statistical  analyses  of  ratios  of  samples  <43  in.2. 
The  ratios  of  the  former,  when  plotted  versus  thickness,  were  in 
most  instances  higher  than  those  of  the  latter;  an  exception 
was  the  longitudinal  compressive  ratios,  CYS  (L)/TYS  (L) , which  were 
slightly  lower.  Consequently,  ratios  for  13  lots  of  the  T7651X 
temper,  <43  in.2,  eight  lots  of  the  T7351X,  <43  in.2,  and  seven 
lots  of  the  T7351X,  61  to  66  in.2  were  analyzed  statistic  illy.  Two 
lots  were  not  sufficient  for  analysis  of  the  T7651X,  61  to  66  in.2. 
Ten  lots  are  necessary  for  acceptance  of  derived  properties  in 
MIL-HDBK-5. 
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The  distribution  of  the  ratios,  number  of  ratios  (n) , 
mean  ratios  (R) , intercepts  and  slopes  of  the  regression  lines  (a 
and  b,  respectively),  and  the  standard  deviations  (o^)  are  shown  in 
Table  49  for  the  T7651X,  <43  in.2,  Table  50  for  the  T7351X,  <43  in.2, 
and  Table  51  for  the  T7651X  and  T7351X,  61  to  66  in.2.  The 
statistical  analyses  of  the  ratios  were  made  by  procedures  outlined 
in  Chapter  9 of  MIL-HDBK-5,  Guidelines  for  Presentation  of  Data. 23 
A regression  analysis  of  each  group  of  ratios  was  made  to  determine 
whether  the  ratios  showed  correlation  with  thickness;  where  such 
correlation  was  indicated,  Min.  R values  were  selected  which  cor** 
respond  with  the  lower  limit  of  the  confidence  band  around  the 
regression  line  at  the  highest  end  of  each  respective  thickness  range. 
When  no  correlation  was  indicated,  a single  value  of  Min.  R was 
selected  for  all  thicknesses.  Regression  was  indicated  for  all 
groups  of  ratios  with  the  exception  of  CYS (L)/TYS  (L)  ratios  of  both 
tempers,  <43  in.2  cross-section  area.  Also,  an  analysis  of  the 
ratios  for  the  seven  lots  of  the  T7351X  temper,  61  to  66  in.2, 
was  made.  The  minimum  ratios  for  the  T7651X  and  T7351X  shapes  are 
shown  in  Tables  52  and  53,  respectively. 

Since  no  grain  directions  are  shown  for  shear  and  bearing 
minimum  properties  in  MIL-HDBK-5  and  data  were  obtained  for  more 
than  one  direction,  the  lowest  of  the  longitudinal  or  long-transverse 
Min.  R were  used  to  establish  the  derived  properties.  The  few 
short-transverse  shear  tests  made  of  the  thicker  shapes  indicate 
that  the  shear  strengths  for  this  direction  were  somewhat  lower 
than  those  for  the  other  two  directions.  This  is  also  the  case  for 
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other  alloys  and  products.  The  longitudinal  and  long-transverse 
shear  data  were  used  to  establish  the  derived  shear  minimum  values 
so  as  to  be  consistent  with  procedures  used  for  other  alloys  and 
products. 

The  M1L-HDBK-5  mechanical  properties  are  shown  in  Tables 
54  smd  55,  respectively,  for  the  T7651X  and  T7351X  extruded  shapes. 
These  values  were  based  on  the  ratios  for  shapes  having  cross- 
sectional  areas  <43  in.2.  Those  for  the  T7351X  temper  were  based 
on  tests  of  eight  lots,  two  less  than  required  by  MIL-HDBK-5  Guide- 
lines. No  limitations  in  product  size  have  been  indicated  in  Tables  54 
and  55;  more  production  tensile  data  are  needed  in  order  to  establish 
such  limits.  No  minimum  longitudinal  tensile  properties  have  been 
established  for  the  shapes  with  large  cross-sectional  areas  and, 
therefore,  a MIL-HDBK-5  table  of  design  properties  could  not  be 
developed.  Additional  data,  over  a wider  thickness  range,  is  also 
necessary  to  meet  the  ten  lot  requirement. 

In  the  previous  discussion,  it  was  pointed  out  that  the 
longitudinal  tensile  ultimate  and  yield  strength  increased  as  the 

section  thickness  increased.  All  the  other  properties,  with  the 
exception  of  the  longitudinal  compressive  yield  strengths,  showed 
little  or  no  change  or  a small  decrease  in  strength  with 
increasing  thickness.  The  longitudinal  tensile  properties  were 
used  as  the  base  properties  for  calculating  the  ratios,  i.e.,  they 
were  the  denominator  values  and  the  others  the  numerator.  The 
increase  in  the  longitudinal  tensile  properties,  indicated  by  the 
test  data,  were  not  reflected  in  the  corresponding  minimum  longi- 
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tudinal  tensile  properties  to  which  the  reduced  ratios  were  applied 
to  obtain  the  derived  minimum  properties.  Consequently,  the  de- 
rived minimum  properties  generally  indicate  larger  decreases  in 
strength  than  those  indicated  by  the  test  data.  In  the  case  of 
the  longitudinal  compressive  yield  strengths,  which  increased  with 
thickness,  the  corresponding  derived  minimum  properties  show  no 
change  with  thickness.  If  the  test  data  for  the  longitudinal 
tensile  properties  are  indicative  of  the  strength  levels  to  be 
obtained  from  current  and  future  production,  revisions  of  the  minimum 
properties  would  seem  appropriate  when  sufficient  data  are  obtained. 
Consequently,  the  derived  properties  would  then  be  brought  more  in 
line  with  the  capabilities  of  the  material. 

(1)  Conclusion 

The  ratios  among  the  tensile,  compressive,  shear,  and 
bearing  properties  for  the  section  with  cross-sectional  areas  of 
61.53  (C5A  panels)  and  65.37  (section  291812)  in. 2 are,  with  the 
exception  of  the  longitudinal  compressive  yield  strengths,  higher 
than  those  of  the  smaller  shapes  in  the  same  thickness  ranges. 

4.  Fracture  Toughness 

a.  Procedure 

Duplicate  fatigue-cracked  compact  fracture  toughness 
specimens  of  the  type  shown  in  Figure  34  were  used  to  determine  the 
plane-strain  stress  intensity  factor,  KIc,  of  each  lot  of  extruded 
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shapes.  The  specimen  orientations,  shown  in  Figure  35,  dimensions, 
notches,  fatigue  cracking,  and  testing  procedures  were  essentially 
in  accordance  with  ASTM  E399-4.24  The  specimens  were  fatigue 
cracked  by  axial  loading  in  Krouse  fatigue  machines.  The  test 
setups  for  fatigue  precracking  and  fracture  toughness  testing  are 
shown  in  Figures  36  and  37,  respectively.  The  tests  were  made  in  a 
30,000-lb  capacity  Olsen  Electomatic  Testing  Machine,  and  plots  of 
load  versus  crack-opening  displacement  were  recorded  using  a 
Mosley  X-Y  recorder.  Candidate  values  of  critical  plane-strain 
stress-intensity  factor,  Kq,  were  calculated  using  the  load  at  5 
percent  secant  offset  which  is  equivalent  to  about  2 percent  of 
crack  extension.  If  all  the  validity  criteria  specified  in  ASTM 
Method  E399-4  were  met,  the  candidate  value  was  designated  as  KJc. 
b.  Results  and  Discussion 

The  results  of  the  fracture  toughness  tests  for  the  five 

lots  of  7050-T7651X  shapes  are  shown  in  Table  56  and  those  for  the 

7050-T7651X  shapes  tested  on  an  NASC  contract5  are  shewn  in  Table  57. 

The  corresponding  results  for  the  T7351X  shapes  are  shown  in  Table  58 

(section  area  <43  in.2)  and  Table  59  (section  area  61  to  66  in.2). 

The  Kq  values  which  failed  to  meet,  but  were  very  close  to  meeting, 

any  one  of  the  validity  criteria  specified  in  ASTM  Method  E399-74 

are  indicated  as  meaningful  values,  i.e.  ',  the  values  are  a good 

indication  of  the  KT  value.  All  results  are  summarized  in  Table 

ic 

60. 

The  KIc  values  versus  thickness  are  plotted  in  Figure  38; 
meaningful  values  are  plotted  as  valid.  As  anticipated,  material 
in  the  lower  strength  T7351X  temper  generally  developed  higher 
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toughness.  For  the  L-T  orientation,  the  T7651X  values  indicated  a 
decrease  in  KT  from  a level  of  38  ksi/in.  to  a level  of  26  ksi/in. 
with  increasing  thickness  from  1 in.  to  5 in.  For  the  T7351X 
temper,  however,  no  significant  change  in  toughness  was  indicated; 

Kt  was  constant  at  a level  of  about  40  ksi/in.  For  the  T-L 
orientation,  the  sections  in  the  T7351X  and  T7651X  tempers  were  38 
and  32  ksi/in. , respectively,  for  sections  less  than  1 in.  The  KIc 
values  of  material  in  both  tempers  decreased  progressively  with 
increasing  thickness  to  levels  of  23  and  17  ksi  for  the  5-in.  thick 
rectangles.  The  data  for  the  S-L  orientation  indicated  that 
material  in  both  tempers  developed  comparable  toughness  in 
sections  less  than  2-in.  thick  (20  to  26  ksi/in.") . In  thicker 
sections,  K values  of  material  in  the  T7651X  temper  decreased 
to  a level  of  16  to  18  ksi/in. , but,  as  with  the  L-T  data,  the 
T7351X  indicated  no  change  in  toughness  with  thickness.  The 
toughness  levels  of  the  large  shapes  (61  to  66  in.2),  most  of 
which  were  the  C5A  panels,  were  generally  equivalent  to  those  of 
the  small  shapes. 

The  K jc  values  versus  tensile  yield  strengths  are  plotted 
in  Figure  39.  Data  for  some  other  shapes,  aged  to  various  levels 
of  yield  strength,  are  also  shown  and  extend  the  range  of  values 
beyond  those  obtained  in  this  contract.  Generally,  the  7050  shapes 
exhibited  a high  level  of  toughness  while  maintaining  yield  strengths 
at  the  higher  f irength  end  of  the  range  indicated  for  commercially- 
established  alloys.  (About  90  percent  of  the  data  for  the 
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commercially-established  alloys  fall  in  the  lower  half  of  the 
band  for  the  L-T  orientation) . Excluding  the  lots  from  Producer 
B and  the  3.5  x 7.5  and  5.0  x 6.25-in.  shapes,  the  T-L  and  S-L 
data  fall  above  these  ranges.  The  relatively  low  values  obtained 
for  3.5  and  5.0-in.  thick  shapes  are  related  to  the  low  aspect 
ratio  of  the  shapes.  As  the  width  to  thickness  ratio  decreases, 
the  T-L  Kjc  values  approach  those  of  S-L  values. 

The  connected  open  squares  in  Figure  39  are  those  for  the 
six  lots  of  T7351X  C5A  panels.  The  rather  broad  range  in  KIc  values 
obtained  for  the  narrow  range  of  yield  strengths,  2 to  4 ksi,  are 
attributed  to  differences  in  the  iron  content  from  lot  to  lot,  0.08 
to  0.13  percent.  As  the  purity  level  increased,  the  toughness 
increased  approximately  10  ksi /in.  for  the  L-T  and  T-L  orientations 
and  about  6 ksi /in.  for  the  S-L  orientation. 

The  combination  of  strength  and  toughness  of  these  C5A 
panels  was  significantly  higher  than  that  of  7175-T7G51X  and  7175- 
T7351X  panels  which  were  made  and  tested  under  another  contract25 
(Figure  40). 

One  of  the  T7351X  C5A  panels  was  checked  for  variations 
in  toughness  of  the  L-T  orientation  at  the  front,  center,  rear,  and 
quarter  points  of  the  42-foot  length.  The  spread  in  KJc  values  was 
1.7  ksi/in.  and,  as  shown  in  Table  43,  there  was  also  little  varia- 
tion in  the  corresponding  tensile  properties. 
c.  Conclusions 

Extruded  shapes  of  7050-T7651X  and  T7351X  exhibit  a higher 
combination  of  strength  and  toughness,  KIc,  than  that  of  established 
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commercial  alloy  extrusions.  Considering  identical  sections,  the 
advantage  of  7050  in  the  L-T,  T-L,  and  S-L  directions  is  about  10, 
9,  and  5 ksi* in. , respectively. 

Large  extruded  shapes  with  high  aspect  ratios  develop 
levels  of  toughness  equivalent  to  those  of  smaller  shapes  of 
comparable  thickness. 


5.  S-N  Fatigue 


a.  Laboratory  Air 

(1)  Procedure 

The  axial-stress  fatigue  properties  were  determined  with 
smooth  and  notched,  * 3,  specimens  of  the  type  shown  in  Figure  41. 
Longitudinal  and  long-transverse  specimens  were  taken  from  the  same 
locations  in  the  cross-sections  as  the  tensile  specimens.  Tests 
were  made  at  stress  ratios*  of  R * +0.1  and  -1.0  of  representative 
lots.  A sufficient  number  of  tests  were  made  of  some  lots  to 
obtain  the  fatigue  strengths  between  IQ3  and  107  cycles;  at  least 
three  tests  were  made  of  other  lots  at  various  stress  levels  for 
R = +0.1  only.  Tests  were  made  in  Krouse  fatigue  machines 
operating  at  13.3,  25.0,  and  28.0  Kz. 

(2)  Results  and  Discussion 

Smooth  Specimens,  K^.  * 1.  The  results  of  the  fatigue  tests 
of  three  7050-T7651X  shapes  and  those  for  the  corresponding  shapes 
in  the  T7351X  temper  are  shown  in  Figure  42  (R  * +0.1)  and  Figure  43 
(R  *=  -1.0).  The  data  developed  previously  for  the  T7651X  temper 
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are  represented  by  the  band  (R  = 0.0)  in  Figure  42  and  a curve  for 
one  lot  in  Figure  43  (R  = -1.0).  The  data  for  R = +0.1  of  both 
tempers  generally  fell  within  the  band  for  the  T7651X  shapes, 

<32  in.  cross-sectional  area.  There  were  no  discernible  dif- 
ferences between  the  fatigue  strengths  of  the  two  tempers.  The 
data  for  R = -1.0  (Figure  43)  were  generally  evenly  distributed 
about  the  curve  for  the  1.161- in.  thick  7050-T7651X  shape. 

With  the  exception  of  the  data  for  long -transverse 
specimens  of  the  3.5  and  5.0-in.  thick  shapes,  the  data  for  the 
five  7050-T7351X  shapes  having  cross-sectional  areas  less  than 
43  in.2,  Figure  44  (R  «*  +0.1),  fell  within  a band  established  from 
the  data  in  Figure  42  for  the  T7651X  temper.  This  band  for  the 
T7651X  temper  would  probably  be  broader  and  encompass  the  long- 
transverse  T7351X  data  if  it  included  data  for  shapes  similar  to 
those  of  the  T7351X  temper.  The  observation  that  only  the  narrow 
shapes  exhibited  large  differences  between  fatigue  lives  of  the 
longitudinal  and  long-transverse  specimens  appears  to  be  related  to 
the  differences  in  the  aspect  ratios  of  the  shapes.  The  ratios  of 
width  to  thickness  for  the  wider  shapes  were  between  6 and  26  while 
those  for  the  3.5  and  5.0-in.  thick  shapes  were  2.14  and  1.25, 
respectively. 

The  data  for  the  C5A  panel,  61.53  in.2  cross-section,  and 
also  the  2.93-in.  thick  shape,  65.37  in.2,  are  shown  in  Figure  45 
(R  * +0.1)  along  with  a band  established  from  data  for  the  7050- 
T7351X  shapes,  <43  in.2  (Figure  44)  and  Figure  46  (R  * -1.0)  along 
with  a curve  established  from  data  for  the  7050-T7351X  section 
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263902  (Figure  43).  Generally  the  fatigue  strengths  for  the 
large  panels  fell  within  the  band  for  R = +0.1  and  those  for 
R = -1.0  were  generally  evenly  distributed  about  the  curve  for 
section  263902. 

Notched  Specimens,  Kfc  = 3.  The  results  of  the  fatigue 
tests  of  three  7050-T7651X  shapes  and  those  for  the  corresponding 
shapes  of  7050-T7351X  are  shown  in  Figure  47  (R  = +0.1)  and 
Figure  48  (R  «=  -1.0).  The  data  for  both  tempers  (R  = +0.1)  fell 
in  the  same  general  range  as  those  for  the  7050-T7651X  shapes 
(<32  in.2)  tested  previously  at  R * 0.0.  At  R = -1.0,  the  data 
averaged  slightly  higher  than  those  for  the  1.161-in.  thick  7050- 
T7651X  shape.  As  with  the  data  for  smooth  specimens,  there  were 
no  noticeable  differences  between  the  fatigue  properties  of  the  two 
tempers.  This  is  also  indicated  in  Figure  49  where  the  data  for 
the  five  lots  of  7050-T7351X  shapes  having  cross-sectional  areas 
less  than  43  in. 2 are  plotted  with  a band  developed  from  the  T7651X 
data  in  Figure  47.  Both  the  longitudinal  and  long-transverse  data 
fell  in  a narrow  range. 

The  results  of  the  tests  of  the  C5A  panels,  61,53  in. 2 
cross-section,  and  also  the  2.93-in.  thick  shape,  65.37  in.2,  are 
shown  in  Figure  50  (R  * +0.1)  along  with  a band  for  data  of  the 
7050-T7351X  shapes,  <43  in. 2 (Figure  49)  and  Figure  51  ( R * -1.0) 
along  with  a curve  for  data  of  the  7050-T7351X  section  263902 
(Figure  47).  The  data  for  these  large  shapes  tested  at  R * +0.1 
fell  in  the  lower  part  of  the  rather  narrow  band  and  for  R **  -1.0, 
the  data  were  in  general  agreement  with  the  average  curve  except 
beyond  about  105  cycles  where  data  for  one  lot  fell  about  2 ksi  below 
the  average  curve  for  section  263902. 
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(3)  Conclusions 


Extruded  shapes  of  7050-T7651X  and  7050-T7351X  exhibit 
about  the  same  level  of  fatigue  strengths. 

Extruded  shapes  of  7050  with  cross-sectional  areas 
greater  than  43  in.2  have  fatigue  strengths  generally  equivalent 
to  those  of  smaller  shapes. 

Extruded  shapes  of  7050  with  high  aspect  ratios  have 
about  the  same  fatigue  strengths  in  the  longitudinal  and  long- 
transverse  directions.  As  with  other  alloys,  shapes  of  7050  with 
aspect  ratios  less  than  3 can  be  expected  to  develop  fatigue 
strengths,  Kfc  * 1,  for  the  long-transverse  direction  lower  than 
those  for  the  longitudinal  direction;  for  * 3,  the  effect  of 
aspect  ratio  of  shapes  does  not  appear  to  be  significant. 
b.  Salt-Fog  Environment 

(1)  Procedure 

Smooth  and  notched  specimens  similar  to  those  used  for 
the  test  in  laboratory  air  were  subjected  to  axial  stress  fatigue 
tests  (R  * 0.0)  in  a salt-fog  environment.  Specimens  were  taken  in 
the  long-transverse  direction  from  most  of  the  lots  tested  in  lab 
air.  The  test  sections  were  subjected  to  a 20-second  spray  of  a 
3.5%  salt  solution  at  5 minute  intervals  during  tests  in  5,000-lb 
capacity  Krouse  fatigue  machines  operating  at  18.3  Hz. 

(2)  Results  and  Discussion 

As  reported  for  several  7050  products,5  the  salt-fog 
environment  substantially  lowered  the  long  life  fatigue  strength 
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of  all  extrusions  (Figures  52  to  54).  Failures  of  smooth  specimens 
lasting  more  than  a day  (1, 580# 000  cycles)  initiated  in  corroded 
areas;  for  107  cycles  to  failure  the  fatigue  strengths  of  smooth 
specimens  are  equal  to  those  of  mildly- notched  specimens , *=  3, 

tested  in  air. 

(3)  Conclusions 

The  corrosion-fatigue  strengths  of  the  smooth  and  mildly- 
notched  Kfc  = 3,  specimens  of  the  705C-T7651X  extrusions  (Figure  52) 
are  comparable  to  the  scatter  band  shown  for  smooth  and  sharply 
notched,  Kt>12,  specimens. 5 In  air  the  specimens  having  the 
sharp  notch  would  have  lower  fatigue  strengths  than  specimens 
having  a mild  notch.  However,  the  corrosive  environment  apparently 
negates  the  difference  in  notch  severity. 

The  corrosion-fatigue  strengths  of  specimens  from  the 
7050-T7351X  extruded  wing  planks  (Figure  54)  are  equivalent  to  those 
of  the  other  7050-T7351X  extrusions  (Figure  53). 

The  corrosion-fatigue  strengths  of  smooth  specimens  from 
7050-T7651X  and  T7351X  extrusions  (Table  61)  are  equivalent  to  those 
of  specimens  from  plate  and  hand  forgings.  The  values  for  notched 
plate  specimens,  Kfc>12,  are  1 or  2 ksi  lower  than  those  of  hand 
forgings,  Kt>12,  and  the  various  extrusions,  Kfc  * 3 and  >12. 

6.  Fatigue  Crack  Propagation  (Normal  AK) 
a.  Procedure 

Fatigue-crack  propagation  rates  were  determined  using 
compact  specimens  (Figure  55).  Data  were  developed  for  each  temper 
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in  dry  air  and  moist  air.  Specimens  were  taken  in  the  T-L  and  L-T 
orientations,  and  where  possible,  in  the  S-L  orientation. 

Tests  were  made  in  load  control  in  MTS  closed  loop,  servo- 
controlled,  test  systems  (Figure  56)  at  rate  of,  generally,  15  or 
20  Hz;  some  tests  were  slowed  in  the  final  stages.  Humidity  was 
controlled  within  test  chambers.  Dry  air  (relative  humidity  <10 
percent)  was  obtained  using  dessicants;  moist  air  (relative  humidity 
>90  percent)  was  obtained  by  forcing  moist  air  through  the  chamber. 

Fatigue  precracks  were  generally  started  at  R c 0.1  at 
maximum  test  loads  used  in  subsequent  R * 1/3  data  acquisition.  The 
final  one  third  of  precracking  was  usually  accomplished  at  test 
loads.  Visual~crack  length  measurements  were  made  using  low  power 
magnification  (15X)  and  a series  of  reference  grid  lines  (0.02  in.) 
photographically  printed  on  both  sides  of  the  specimen 
(Figure  57). 

As  occurred  in  some  of  the  previous  tests  of  7050  extrusions,  * 
the  crack  of  the  second  L-T  specimen  tested  grew  at  an  angle  to  the 
transverse  direction  and  finally  altered  to  a longitudinal  direction. 
To  eliminate  this  behavior,  the  width  of  the  remaining  L-T  specimens 
was  reduced  to  change  the  H/W  ratio  from  0.485  to  0.60. 

The  rate  of  fatigue- crack  growth,  Aa/AN,  was  determined 
from  crack  length,  a,  versus  number  of  cycles,  N,  data  evaluating 
incrementally  the  derivative  of  a versus  N.  These  growth  rates 
were  plotted  against  the  range  in  stress  intensity  evaluated  at 
the  average  crack  length  over  which  the  Aa  increment  was  taken. 

The  expression  for  stress  intensity  was: 

*See  pp  44-45  of  Ref:.  5 for  discussion. 
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A,  B,  W,  and  H (see  Figure  55). 
b.  Results  and  Discussion 

The  fatigue  crack  growth  data  are  plotted  in  Figures  58 
to  68.  There  is  generally  good  agreement  between  overlapping 
portions  of  da/dN-AK  data  for  duplicate  specimens,  whose  tests  were 
started  at  different  stress  intensities.  Average  growth  rates  are 
summarized  in  Table  62  along  with  comparable  data  from  previous 
investigations.  The  effects  of  specimen  size,  orientation,  en- 
vironment, temper,  ?.nd  lot  are  discussed  below. 

7050-T7651X  Extrusions  (Figures  58  and  59) 

The  results  for  specimens  LT-1  and  LT-3,  having  H/W  ratios 
of  0.6  and  0.485,  respectively,  are  shown  in  Figure  58  to  be 
equivalent.  Accordingly,  differing  H/W  ratios  are  not  considered 
in  subsequent  comparisons  of  L-T  and  T-L  specimens.  Growth  rates 
tended  to  be  slightly  faster  for  the  T-L  specimens  in  both  environ- 
ments at  medium  stress  intensities;  growth  rates  in  moist  air  were 
about  three  times  faster  than  those  in  dry  air.  The  rates  for  both 
orientations  and  environments  were  comparable  to  those  reported5  for 
7050-T7651X  extrusions  of  similar  thickness. 


54 


7050-T7351X  Extrusions  (Figures  60  to63)) 

For  0.915-in.  extrusions.  Table  62  shows  equivalent 
fatigue  crack  growth  rates  for  the  T7351X  and  T7651X  tempers.  For 
the  thick  extrusion,  the  S-T  specimen  (Figure  63)  exhibited  more 
of  an  environmental  effect  than  the  T-L  specimens  at  medium  stress 
intensities  and  showed  slower  growth  rates  than  the  T-L  specimens 
at  the  high  stress  intensities.  In  Reference  5,  propagation  for 
similar  thick  7050-T7651X  extrusions  was  much  faster  for  S-L 
specimens  at  the  higher  stress  intensities. 

7050-T7351X  C5A  Wing  Panel  Extrusions  (Figures  64  to  68) 

The  variations  in  composition  listed  in  Table  35  had  no 
apparent  effect  on  the  rate  of  crack  growth;  Figures  64  to  67  show 
relatively  small  scatter  for  specimens  from  two  to  five  lots.  In 
several  cases,  little  environmental  effect  is  shown  at  high  and 
low  stress  intensities  although  propagation  at  the  intermediate 
levels  is  substantially  faster  in  tne  moist  environment.  In  dry 
air,  crack  growth  in  the  C5A  panels  was  comparable  to  that  in  most 
T7351X  and  T7651X  extrusions;  in  moist  air,  propagation  in  the  C5A 
panels  was  slower  at  the  higher  stress  intensities  than  in  comparably 
oriented  specimens  of  the  other  extrusions. 

The  results  of  an  R = 1/2  test  started  at  low  crack-growth 
rates  are  plotted  in  Figure  68.  At  low  stress  intensities,  the 
rates  for  the  R = 1/2  test  are  slower  than  shown  in  Figure  65  for 
tests  at  R = 1/3.  However,  for  rates  above  2x1 06  in. /cycle,  the 
data  fall  within  the  range  of  results  for  the  R = 1/3  tests. 
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c.  Conclusion 


Fatigue  crack-growth  rates  of  the  7050-T7651X  and  T7351X 
extrusions  in  the  L-T  and  T-L  directions  are  comparable  to  those 
previously  reported  for  7050-T7651X  extrusions. 

7.  Fatigue  Crack  Propagation  (Low  AK) 

Additional  fatigue  crack  propagation  tests  were  conducted 
to  obtain  low  growth  rate  data  needed  for  design  data  requirements 
of  the  C5A  and  other  aircraft.  Tests  were  limited  to  the  C5A 
extrusion  (S.  421332)  for  which  the  most  R=l/3  data  were  available. 
The  test  matrix  given  in  Appendix  Table  A-l  included  the  effects  of 
orientation  and  environment  on  propagation  at  R=0.1  and  0.5. 

The  tests  were  performed  at  rates  of  10  to  50  Hz  rather 
than  15  or  20  Hz  as  used  for  the  tests  at  higher  stress  intensities. 
To  facilitate  the  faster  loadings,  a smaller  0.25-in.  thick  specimen 
was  used  (Figure  55).  The  slower  rates  were  used  for  portions  of 
the  tests  to  allow  the  machines  to  be  operated  overnight  and  during 
weekends  and  to  maintain  satisfactory  load  response  as  displace- 
ment increased  in  the  latter  stages  of  the  tests.  There  was  no 
apparent  variation  with  frequency. 

The  results  of  these  tests,  presented  in  Appendix  A, 
support  the  following  conclusions. 

1.  Threshold  values  of  stress  intensity,  below  which 
propagation  does  not  occur,  were  indicated  to  be  about 
1.5  ksi/InT  and  1.0  ksi/InT  for  T-L  and  L-T  specimens, 
respectively,  at  R*0.5  and  2.5  ksi/InT  for  L-T  speci* 
at  R=0.1. 

2.  For  low  growth  rates,  crack  growth  was  equivalent  in 
dry  and  moist  air. 
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8.  Corrosion  Characteristics 
The  corrosion  test  program  included  the  evaluation  of 
resistance  to  exfoliation  corrosion  and  resistance  to  stress- 
corrosion  cracking  (SCC).  The  SCC  tests  were  conducted  with  both 
smooth  test  specimens  and  linear  fracture  mechanics- type  precracked 
specimens,  although  primary  emphasis  was  placed  on  the  smooth 
specimen  tests. 

a.  Procedure 

(1)  Resistance  to  Exfoliation 
The  resistance  to  exfoliation  was  evaluated  by  means  of 
2 x 4- in.  panels  machined  to  the  T/2  or  T/10  (T7  651X  temper  only) 
plane  (50  or  10  percent  of  the  section  thickness  machined  from  the 
surface  of  the  predominant  portion  of  the  section)  and  exposed  to 
the  EXCO  test  per  ASTM  G34.28  The  EXCO  test  involves  immersion  for 
a period  of  48  hours  in  a 4 M NaCl  + 0.5  M KN03  + 0.1  M HN03 
solution.  In  addition,  similarly  machined  test  panels,  4 x 9-in., 
were  exposed  to  the  seacoast  atmosphere  at  Point  Judith,  R.I. 
Specimens  exposed  to  the  EXCO  test  were  rated  visually  using  the 
photographic  standards  contained  in  ASTM  G34  (Figure  69) . 

(2)  Resistance  to  SCC  - Smooth  Specimens 
The  resistance  to  SCC  of  susceptible  alloys  and  tempers 
is  most  critical  in  the  short-transverse  direction  relative  to  £he 

N. 

grain  flow  pattern;  therefore,  the  majority  of  tests  were  made  on 
specimens  oriented  in  that  direction.  Selected  items  were  also 
tested  in  the  longitudinal  and  long-transverse  directions. 

Tests  were  conducted  principally  with  0.125-in.  diameter 
tensile  bars  meeting  the  requirements  of  ASTM  E8;  0.750- in.  O.D. 
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C-ring  specimens  (ASTM  G38-73)  were  employed  when  the  section  thick- 
ness precluded  use  of  the  tensile  bar.  The  specimens  were  centered 
in  the  thickness  of  the  predominant  portion  of  the  section,  and  were 
confined  to  the  central  third  relative  to  the  width  of  the  section. 
No  specimens  were  removed  in  regions  containing  reinforcing  ribs 
which  could  alter  the  grain  flow  pattern  (ASTM  G47-76). 

The  tensile  bars  were  stressed  in  triplicate  by  axially 
loading  in  "constant  strain"  type  fixtures.  Figure  70a,  using  a 
synchronous  loading  device  of  the  type  shown  in  Figure  70b.  C-ring 
specimens  were  also  stressed  in  triplicate  to  a deflection  calcu- 
lated to  impart  the  desired  tensile  stress  on  the  specimen  surface. 
Longitudinal  and  long-transverse  specimens  were  stressed  at  75 
percent  of  the  actual  yield  strength,  while  the  test  stresses  for 
the  short-transverse  specimens  varied  with  temper  and  sequence  of 
testing.  Specimens  from  all  of  the  T7351X  temper  sections  were 
stressed  at  52  and  45  ksi,  and  sections  received  during  the  latter 
stages  of  the  contract  were  also  stressed  at  35  ksi.  The  specimens 
from  T7651X  temper  sections  tested  previously  under  Naval  Contract 
N00019-72-C-05125  were  stressed  at  45,  35,  and  25  ksi  (only  the  35 
and  25  ksi  test  stresses  are  included  in  the  tabular  data),  and 
specimens  from  sections  produced  under  this  contract  were  stressed 
at  25  and  17  ksi.  The  latter  level  corresponds  to  25  percent  of 
the  guaranteed  longitudinal  yield  strength. 

Specimens  were  exposed  to  three  environments:  (a)  3.5% 

NaCl  by  alternate  immersion  per  ASTM  G44-75;29  (b)  seacoast  atmos- 
phere at  Point  Judith,  Rhode  Island;  and  (c)  industrial  atmosphere 
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at  Alcoa  Center,  Pa.  Atmospheric  tests  are  scheduled  for  a 
minimum  of  four  years;  however,  at  this  time  only  specimens  from 
the  aforesaid  Naval  contract  have  completed  exposure  periods  of 
more  than  22  months. 

(3)  Resistance  to  SCC  - Precracked  Specimens 

Tests  were  conducted  on  selected  items  to  determine  rates 
of  SCC  propagation  as  a function  of  the  mechanical  crack  driving 
force,  and  to  estimate  the  stress-intensity  (Kjs  ) bfcinw  which  SCC 
will  not  occur  in  a specific  environment.  Bolt  loaded  double 
cantilever  beam  (DCB)  specimens  of  the  type  shown  in  Figure  71  were 
employed  to  determine  the  SCC  propagation  rates,  and  standard  com- 
pact tension  specimens  (ASTM  E399)  were  used  for  tests  to  estimate 
KIscc*  A^"1  sPec*mens  were  of  S-L  orientation,  and  were  removed  from 
the  extruded  sections  at  the  locations  described  for  smooth  specimens 
in  the  preceding  section. 

Duplicate  DCB  specimens  were  precracked  in  tension  with  a 
drop  of  a 3.5  percent  NaCl  solution  being  added  during  the  final 
stages  of  precracking.  The  specimens  were  then  held  for  a period 
of  30  days  in  a laboratory  environment  with  air  at  80°F  +2°F  and 
45  percent  (+6%)  relative  humidity.  A few  drops  of  3.5%  NaCl  were 
added  to  the  crack  three  times  each  day.  Crack  growth  was  monitored 
with  an  ultrasonic  detection  device  developed  at  Alcoa  Laboratories, 
and  crack  propagation  rates  were  determined  by  calculating  the 
average  growth  rates  over  both  15  and  30-day  periods.  Stress- 
intensities  were  calculated  as  a function  of  crack  opening 
displacement  (COD)  anc  crack  length  using  the  formula 
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developed  by  Hyatt.30  These  data  were  used  in  the  manner  explained 
later  to  determine  the  initial  load  levels  for  "crack-initiation" 
tests  of  compact  tension  specimens. 

Fatigue  precracked  compact  tension  specimens  were  loaded 
with  elastic  rings  and  immersed  in  an  inhibited  and  buffered  NaCl 
solution  of  the  formula:  0.6  M (3.5%)  NaCl  + 0.02  M Na2Cr207  + 0.07 

M NaC2H302  + HC2H302  to  pH  4.0.  A typical  ring-loaded  setup  is 
shown  in  Figure  72.  The  load  rings  and  clip  gauges  were  instrumented 
with  strain  gauges,  and  both  load  and  crack  opening  displacement  (COD) 
were  automatically  monitored  every  8 hours  with  a multichannel 
digital  strain  indicator.  These  readings  were  printed  on  a tele- 
type and  punched  on  paper  tape  for  subsequent  computer  analysis. 
Complete  details  of  the  test  procedure  are  given  in  a paper  pre- 
sented at  the  1974  Tri-Service  Conference  on  Corrosion  of  Military 
Equipment.  3 1 

b.  Results  and  Discussion 

(1)  Resistance  to  Exfoliation 

All  of  the  extruded  sections  showed  a high  resistance  to 
exfoliation  in  the  EXCO  immersion  test,  showing  only  pitting  or  minor 
exfoliation  of  the  degree  E-A  (Figure  69)  when  tested  at  either  the 
T/10  plane  (T7651X  temper)  or  midplane  (T7651X  and  T7351X  tempers) 
of  the  section. 

Tests  of  7075  and  717832'33  in  a seacoast  atmosphere  have 
shown  the  development  of  minor  exfoliation  (degree  E-A)  in  this 
aggresive  accelerated  test  to  be  of  little  practical  significance 
for  similar  products.  It  is  expected  that  it  will  be  shown  to  be 
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equally  insignificant  for  alloy  7050  products  with  the  attainment 
of  more  lengthy  atmospheric  exposure. 

At  the  time  this  report  was  prepared,  tests  of  alloy 
7050-T7651X  and  T7351X  extruded  sections  had  progressed  for  periods 
of  9-42  months  in  the  seacoast  atmosphere  with  no  evidence  of 
exfoliation  attack. 

(2)  Resistance  to  SCC  - Smooth  Specimens 

The  results  of  accelerated  tests  of  the  7050-T7351X  and 
T7651X  extruded  sections  are  listed  in  Tables  63  and  64,  respec- 
tively; and  the  status  of  atmospheric  tests  of  selected  sections 
is  shown  in  Tables  65  and  66.  Since  the  majority  of  the  atmos- 
pheric tests  are  of  relatively  short  duration,  the  following  dis- 
cussion of  test  results  will  pertain  exclusively  to  the  accelerated 
test  data.* 

T7351X  Temper.  Longitudinal  and  long-transverse  specimens 
showed  a high  degree  of  resistance  to  SCC.  Only  one  84-day  test 
failure  occurred  among  specimens  from  the  seven  sections  tested, 
and  microscopic  examination  showed  that  it  was  associated  with 
severe  pitting  and  transgranular  cracking  not  typical  of  SCC. 

The  short-transverse  SCC  performance  had  not  been  estab- 
lished at  the  inception  of  this  contract,  but  it  was  expected  to 
be  comparable  to  7075-T7351X  sections  which  are  required  to  pass 
a 30-day  test  at  75  percent  of  the  specified  yield  strength  (-v45  ksi) . 
Ten  of  the  thirteen  sections  performed  as  expected;  one  section 
(die  No.  263902)  failed  the  30-day  test  but  survived  the  20-day  ex- 
posure period  specified  in  the  recently  approved  standard  recommended 

*See  Appendix  C for  relationship  of  microstructure  to  SCC  test 
performance. 
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practice  for  SCC  testing  of  7XXX  alloy  products  (ASTM  G47-76);31* 
the  remaining  two  sections  (die  No.  900102)  did  not  survive  the 
20-day  test  period. 

The  short-transverse  SCC  performance  of  the  relatively 
wide  shapes  appeared  to  be  influenced  by  the  total  cross-sectional 
area;  i.e.,  shapes  with  areas  less  than  43  in.2,  provided  the 
expected  resistance  to  SCC  at  higher  strengths  than  did  shapes  with 
areas  of  61  to  66  in.2.  This  was  illustrated  graphically  in 

Figure  73  by  a summary  of  log  time  to  failure  as  a function  of 
longitudinal  yield  strength  over  a wide  range  of  strengths  for  alloy 

7050  extrusions  tested  at  a sustained  stress  of  45  ksi.  (Sections 
which  had  been  fabricated  under  conditions  that  would  be  atypical 
of  routine  plant  procedures  were  not  included.)  Prior  analyses  have 
shown  that  such  graphical  summaries  typically  exhibit  three  regions 
of  behavior: 

(1)  High  strength  regions  characterized  by  rapid  SCC  failure. 

(2)  Low  strength  regions  characterized  by  long  time  failures 
that  tend  to  occur  by  mechanisms  other  than  intergranular  SCC. 

(3)  Intermediate  strength  regions  over  which  there  is  a 
region  of  transition  from  rapid  SCC  failures  to  long  time  failures. 

The  latter  region  is  of  particular  interest  in  deter- 
mining the  level  of  yield  strength  at  which  the  time  to  failure 
would  be  expected  to  exceed  a specific  time  period.  A line  drawn 
to  show  the  lower  bound  of  the  data  in  the  transition  region  for 
shapes  of  less  than  43  in.2  in  cross-section  indicated  that  these 
shapes  should  pass  a 30-day  test  at  a stress  level  of  45  ksi  when 
aged  to  strengths  as  high  as  68  to  69  ksi.  On  the  other  hand,  this 


62 


line  approximated  only  the  median  performance  of  the  large  61  to 
66  in. 2 sections.  The  lower  bound  of  the  transition  region  for  larger 
sections  would  be  shifted  toward  lower  strengths  than  that  shown  for 
sections  less  than  43  in.2,  but  the  actual  position  cannot  be  accu- 
rately established  without  additional  testing.  It  is  also  possible 
that  the  lower  bound  for  sections  less  than  43  in.2  would  also  shift 
if  more  tests  were  made  of  items  with  a yield  strength  of  about  68  ksi. 

T7651X  Temper.  Longitudinal  and  long-transverse  specimens 
showed  good  resistance  to  SCC.  Long  time  failures  (58-84  days)  were 
encountered  with  specimens  from  four  of  the  six  sections  tested, 
but  the  failures  again  resulted  from  severe  pitting  and  transgranu- 
lar  cracking  not  typical  of  SCC. 

Short-transverse  specimens  from  the  various  sections  also 
displayed  the  expected  level  of  resistance  to  SCC  (the  stated  con- 
tract goal  was  a resistance  superior  to  that  or  7075-T651X).  Seven 
of  the  nine  sections  tested  passed  the  30-day  test  at  a 25  ksi 
stress  level.  Specimens  from  the  remaining  two  sections  failed 
in  less  than  20  days  at  the  25  ksi  test  stress  but  passed  the  30- 
day  test  at  a slightly  lower  stress  of  20  ksi.  In  contrast, 
specimens  from  7075-TC51X  extrusions  stressed  at  20  ksi  w’ould  be 

expected  to  fail  in  less  than  one  week. 

A graphical  summary  of  accumulated  SCC  data  over  a wide 

range  of  strengths  was  also  made  for  specimens  tested  at  the  25  ksi 
stress  level.  This  summary  (Figure  74)  showed  that  sections  should 
pass  a 30-day  test  at  the  25  ksi  stress  level  when  aged  to  strengths 
as  high  as  74  ksi.  There  were  no  observed  differences  in  performance 
due  to  cross-sectional  area,  although  it  should  be  noted  that  only 
two  shapes  with  cross-sectional  areas  in  the  61  to  66  in.2  range 
have  been  tested. 
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(3)  Resistance  to  SCC  - Precracked  Specimens 

Bolt-Loaded  DCB  Specimens.  The  identification  of  the 
items  selected  for  testing  by  this  method  and  a summary  of  the  SCC 
growth  rate  data  are  given  in  Tables  67  and  68.  A summary  of  the 
SCC  growth  curves  is  shown  in  Figure  75  by  a cross-hatched  band  for 
each  temper  which  is  bounded  by  the  highest  and  lowest  graph  obtained 
for  that  temper.  (Individual  crack  growth  curves  for  all  test 
specimens  are  shown  in  Appendix  B,  Figures  1-12).  Photographs  and 
micrographs  illustrating  the  intergranular  nature  of  the  SCC  growth 
in  both  the  T7351X  and  T7651X  temper  sections  are  shown  in  Figures 
76  and  77. 

It  is  generally  agreed  that  to  fully  characterize  the 
resistance  to  SCC  by  this  test  method  a complete  curve  of  the  SCC 
growth  rate  as  a function  of  the  instantaneous  Btress  intensity 
factor,  Kj,  is  required.  Regression  analyses  were  made  of  the 
crack  length  as  a function  of  exposure  time  to  obtain  the  best 
fitting  curves  from  the  raw  data.  Growth  rates  were  then  obtained 
by  differentiation  of  the  regression  equations.  The  K-P.ate  curves 
obtained  by  this  procedure  had  typical  shapes  for  a few’  of  the 
materials  but  were  very  erratic  for  the  others  and  generally  not 
useful  for  estimating  the  approximate  "plateau"  SCC  growth  rates. 
(Sample  graphs  are  included  in  Appendix  B,  Figures  13-16).  This 
difficulty  has  been  previously  experienced  in  tests  of  other  materials 
with  improved  resistance  to  SCC  for  which  the  crack  growth  curves 
have  various  forms  and  frequently  appear  to  be  stepped.  Several 
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methods  of  smoothing  the  crack  growth  curves  have  been  tried  with 
varying  degrees  of  success.  For  the  data  obtained  in  this  test 
program,  approximate  "plateau'1  velocities  for  the  K-Kate  curves  wer 
were  determined  by  a procedure  that  is  believed  to  best  represent 
the  initial  sustained  SCC  growth  in  these  materials.  This  involves 
simply  a calculation  of  the  overall  average  rate  of  growth  taken 
over  the  first  15  days  of  exposure.35 

The  SCC  growth  curves  for  T7351X  temper  shapes  were  fairly 
straight  with  no  definite  arrests,  although  there  were  steps  in 
some  instances.  Such  steps  could  be  indicative  of  tendencies  for 
the  cracks  to  arrest  but  pushed  on  by  the  wedging  action  of  cor- 
rosion products  formed  close  to  the  crack  tip.  Average  15-day 
growth  rates  ranged  from  1.6  to  3.5  x 10“ 4 in. /hr  for  five  sections 
and  was  6.1  x 10“ 4 in. /hr  for  one  exceptional  section  (growth  curve 
shown  as  upper  bound  for  T7351X  in  Figure  75).  The  performance  of 
the  DCB  specimens  of  this  item  seems  anomalous  and  it  is  planned  to 
perform  a retest.  The  growth  curves  for  T7651X  shapes  had  average 

15-day  growth  rates  of  4.5  to  8.5  x 10" 4 in. /hr,  and  after  about  15 

* 

to  25  days,  the  curves  started  to  bend  over  as  though  approaching 
arrest;  however,  no  definite  arrests  were  achieved.  Because 
definite  arrests  of  SCC  were  not  obtained,  and  because  of  a strong 
suspicion  of  corrosion  product  wedging,  it  was  not  possible  to 
obtain  good  estimates  of  threshold  stress  intensities.  Although 
SCC  growth  data  are  not  available  for  extrusions  of  other  alloys 
for  comparison  with  these  data,  it  is  considered  significant  that 
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the  crack  growth  for  the  7050-T7651X  and  T7351X  extrusions  was 
intermediate  between  that  developed  in  7075-T651  and  T7351  plate, 
as  shown  in  Figure  75. 

The  Kj-Rate  data  for  the  7050-T7351X  and  T7651X  extrusions 
are  shown  in  Figure  78  in  comparison  with  data  for  plate  of  7075- 
T7351,  7075-T651,  and  7079-T651.  A dashed  line  indicates  the  upper 
bound  for  the  T7351X  data  if  the  anomalous  test  results  for  the 
3.5-in.  x 7.5-in.  section  are  not  included.  Although  reliable  thres- 
hold stress  intensity  factors  for  SCC  cannot  be  obtained  from  this 
graph,  it  appears  that  for  these  T7  temper  extrusions  of  7050  alloy 
both  the  threshold  stress  intensity  and  the  SCC  growth  rates  at 
high  stress  intensity  levels  are  definitely  more  favorable  than  for 
7075-T651  and  7079-T651. 

Ring-Loaded  Compact  Tension  Specimens.  As  a result  of 
the  difficulties  in  estimating  KIgcc  by  the  "crack-arrest"  procedure, 
a limited  number  of  additional  tests  were  conducted  by  the  "crack 
initiation"  procedure31  to  estimate  threshold  stress  intensities 
for  both  T7351X  and  T7651X  temper  shapes.  Table  69  identifies  the 
sections  tested  and  summarizes  the  results  of  the  ring-loaded  SCC 
initiation  tests. 

The  levels  of  stress-intensity  to  be  applied  in  the  ring- 
load tests  were  determined  from  graphs  of  the  DCB  data  showing  the 
decrease  in  stress-intensity  with  exposure  time  (Figure  79).  Levels 
which  would  be  expected  to  be  above  and  below  the  suspected  thres- 
hold stress  intensity  factors  were  selected  in  the  manner  shown 
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and  were  expressed  as  a fraction  of  the  initial  stress  intensity 
calculated  for  the  DCB  specimen.  The  compact  tension  specimens 
were  initially  loaded  to  similar  percentages  of  KJc.  These 
target  values  were  between  70  and  95  percent  of  the  critical  stress 
intensity  (KI(J  for  the  T7351X  temper  materials,  and  between  40  and 
65  percent  for  the  T7651X  temper  section  (data  for  the  second 
T7651X  temper  section  were  generated  under  a prior  contract5).  As 
can  be  seen  from  Table  69,  the  calculated  initial  stress  intensity 
factors  (Kj.^)  were  usually  slightly  higher  than  the  target  values 
due  to  the  different  methods  used  to  determine  initial  crack  length 
The  calculated  crack  lengths  are  considered  more  accurate  since 
they  reflect  an  integrated  average  crack  length  based  on  measure- 
ment of  load  and  COD  as  opposed  to  an  estimated  value  based  on  side 
measurements. 

The  crack  length  at  fracture  was  usually  clearly  defined 
and,  in  general,  the  crack  length  measured  on  the  fracture  surface 
was  close  to  the  calculated  value.  Differences  larger  than  about 
0.04  in.  for  certain  specimens  exposed  more  than  2000  hours  can  be 
attributed  to  long  term  drift  in  the  clip  gauge  readings,  and  in 
these  cases  the  calculated  values  were  considered  to  be  in 
error.  The  stress  intensity  level  at  fracture  was  usually  about 
equal  to  or  slightly  higher  than  KIc,  as  would  be  expected. 

Insight  into  the  behavior  of  each  specimen  during  test 
can  be  obtained  from  the  load  and  COD  versus  time  plots  and  com- 
puter print-outs  shown  in  Appendix  B (Figures  17-42) . 
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Specimens  from  the  T7351X  temper  sections  fractured  at 
relatively  short  times  when  loaded  to  8 5 percent  of  KJc  or  greater, 
while  specimens  loaded  to  70  or  7 5 percent  had  not  fractured  after 
2800-3000  hours.  However,  the  recorded  COD  readings  for  the  latter 
specimens  indicated  that  a small  amount  of  crack  growth  was  occur- 
ring and  f ractographic  examination  of  the  specimens,  which  were 
removed  from  test  and  broken  apart,  showed  this  growth  to  be 
intergranular  and  typical  of  SCC. 

Nearly  all  of  the  specimens  underwent  an  incubation  period 
during  which  no  crack  growth  occurred  at  the  beginning  of  the  test; 
the  duration  of  this  period  increased  with  decreasing  applied  stress 
intensity,  and  for  the  specimens  loaded  to  70  and  75  percent  KJc 
ranged  from  about  200-800  hours.  Crack  growth  then  progressed  very 
slowly,  on  the  order  of  6 x 10" 5 inches  per  hour,  over  the  remaining 
2000  or  more  hours  of  exposure.  Therefore,  it  was  concluded  that 
these  levels  of  were  just  slightly  above  the  threshold  stress- 
intensity  factor  for  the  sections  tested  by  this  procedure. 

Specimens  from  the  T7  651X  temper  section  loaded  to 
values  of  65,  50,  and  40  percent  of  Klc  all  showed  significant  crack 
growth  which  metallographic  or  fractographic  examination  confirmed 
to  be  SCC.  Growth  began  in  the  specimen  loaded  to  4 0 percent  Kjc 
after  approximately  360  hours  and  progressed  at  a rate  of  3.5  x 10~s 
inches  per  hours.  Fracture  had  not  occurred  when  the  test  was 
terminated  at  2300  hours,  again  suggesting  that  this  specimen  was 
loaded  very  slightly  above  the  threshold  stress  intensity. 
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The  levels  of  KIgcc  estimated  from  the  results  of  the 
ring  load  "crack- initiation"  tests  are  listed  below  together  with 
similar  values  for  alloy  7075-T651  and  T7351  plate  determined 
previously: 3 1 


Sample 

Number 

Temper 

Estimated  KIgcc 
% KIc  ksi/in. 

421132-2 

T7351X 

70-75 

^15 

421333 

T7351X 

70-75 

^15 

421336 

T7351X 

65-70 

^18 

421443 

T7651X 

35-40 

% 7 

7075-T651  Plate 

(2.  5 in.  ) 

20 

% 4 

7075-T7351  Plate 

(2.5  in.) 

85 

^18 

In  considering  the  above  estimates  of  KIgcc,  it  should  be  noted  that 
the  corrodent  utilized  for  the  ring  load  tests  has  been  shown  to 
induce  corrosion  product  wedging  in  tests  of  other  aluminum  alloys 
after  exposure  of  about  600  hours.  It  is  conceivable  that  similar 
wedging  may  have  occurred  prior  to  crack-initiation  in  specimnes 
from  samples  421132-2  and  421336  which  experienced  incubation 
periods  of  500  and  8 00  hours,  respectively.  If  so,  the  estimates 


of  KIgcc  would  be  slightly  low  for  these  samples. 

The  fcIgcc  values  listed  above  provide  a quantitative 
measure  of  the  relative  resistance  to  5CC  that  assists  in  the 


ranking  of  alloys  and  tempers,  but  these  data  are  not  recommended 
for  use  in  design.  The  apparent  K,e__  values  for  a given  alloy 
and  temper  can  vary  between  samples  of  the  same  size  and  shape  and 
also  between  samples  from  different  shapes.  They  are  also  depend- 
ent upon  the  specific  test  conditions,  especially  the  nature  of  the 
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corrodent  and  possible  extraneous  effects  such  as  wedging  by  cor- 
rosion products.  At  present  there  are  no  data  to  relate  estimates 
of  threshold  stress  intensities  in  accelerated  tests  with  those 
in  atmospheric  environments  for  the  alloys  investigated  in  this 
program. 

(4)  Comparison  of  Test.  Results  for  Precracked 
and  Smooth  SCC  Specimens 

In  order  to  compare  the  DCB  and  the  smooth  tension  specimen 
test  results#  the  15-day  average  SCC  growth  rate  data  were  arranged 
in  a special  table#  along  with  the  smooth  tension  specimen  SCC 
test  data  in  order  of  increasing  longitudinal  yield  strength;  the 
electrical  conductivity#  section  thickness#  and  cross-sectional  areas 
also  were  included  (Table  70).  It  is  evident  that  the  two  types  of 
SCC  test  data  are  in  agreement  in  broad  differences  that  characterize 
the  T7351X  and  T7651X  tempers,  except  for  the  anomalous  DCB  test 
results  for  one  of  the  T7351X  temper  items.  For  the  T7651X  temper# 
the  SCC  growth  rates  paralleled  the  failure  data  from  the  tensile 
bars#  but  neither  type  of  SCC  data  paralleled  the  progressive  changes 
in  yield  strength  and  electrical  conductivity.  This  incongruity  no 
doubt  is  a result  of  the  grouping  of  various  lets  and  extruded  shapes 
together  to  represent  that  temper.  In  the  case  of  the  T7351X 
temper#  where  there  were  included  three  lots  of  the  one  shape  (1.8-in. 

x 27.36-in.)#  there  was  good  parallelism  of  the  two  types  of  SCC 
data  with  the  changes  in  yield  strength  and  electrical  conductivity 

for  that  shape. 

In  the  previous  section  on  SCC  test  results  for  smooth 
specimens#  it  was  reported  that  wide  T7351  temper  shapes  with  a 
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cross-sectional  area  of  61-66-in.2  were  not  as  resistant  to  SCC  on 
an  equivalent  strength  basis  as  those  with  an  area  less  than  43-in.2 
(Figure  73).  This  trend  cannot  be  confirmed  with  the  SCC  growth 
rate  data  from  the  precracked  specimens,  however,  because  of  too 
few  tests  of  sections  with  the  same  strength  level. 
c.  Conclusions 

The  following  conclusions  are  based  on  predictive  accelerated 
corrosion  tests  performed  in  accordance  with  ASTK  standards: 

1.  Extruded  7050-T7351X  and  T7651X  sections  in  all  shapes 
and  sizes  will  provide  a high  resistance  to  exfoliation  corrosion 
in  anticipated  aircraft  service  environments  similar  to  that  of 
7075-T7351X  and  T7651X,  respectively. 

2.  Extruded  sections  of  7050-T7351X  have  a high  resistance 
to  SCC  similar  to  that  of  7075-T7351X. 

3.  Extruded  sections  of  7050-T7  651X  will  provide  not  only  a 
high  resistance  to  exfoliation  but  also  an  improved  resistance  to 
SCC  compared  to  that  of  707S-T651X. 

4.  Limited  tests  indicate  that  wide  extruded  sections  with  a 
cross-sectional  area  greater  than  about  61-in.2  may  have  a slightly 
lower  combination  of  strength  and  resistance  to  SCC  than  when  the 
cross-sectional  area  is  less  than  43-in.2. 

5.  Stress-corrosion  crack  propagation  rate  data  obtained  from, 
tests  of  mechanically  precracked  DCB  specimens  showed  general  trends 
similar  to  those  obtained  from  tests  of  smooth  tension  specimens,  but 
further  evaluation  of  this  method  with  highly  resistant  materials  is 
required  before  it  should  be  recommended  as  a primary  method  of  testing 
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V.  ESTABLISH  SPECIFICATIONS  AND  QUALITY  CONTROL  PROCEDURES 
1.  Lot  Release  Criteria 

a.  Minimum  Electrical  Conductivity  and  Maximum  Yield  Strength 

Comprehensive  analyses  were  performed  on  the  accumu- 
lated data  for  alloy  7050-T7XXX  extruded  shapes  to  determine 
appropriate  levels  of  strength  and  electrical  conductivity  for 
sections  that  demonstrate  the  resistance  to  SCC  and  exfoliation 
corrosion  expected  of  the  T7351X  and  T7651X-type  tempers.  It  was 
considered  that  the  T7351X  temper  should  be  capable  of  completing 
a 30-day,  3.5%  NaCl  alternate  immersion  test  when  stressed  in  the 
short-transverse  direction  to  a level  of  45  ksi  (75%  GYS),  and  that 
the  T7651X  temper  would  show  exfoliation  corrosion  less  than  the 
degree  E-B  (Figure  69)  at  the  T/10  plane  when  tested  in  accordance 
with  ASTM  G34-72.  Consideration  was  also  given  to  the  level  of 
SCC  performance  that  would  be  expected  of  T7651X  temper  sections 
that  developed  the  stated  resistance  to  exfoliaiton. 

T7351X  Temper 

To  determine  the  levels  of  electrical  conductivity  and 
longitudinal  yield  strength  that  would  be  commensurate  with  the 
stated  SCC  requirement,  the  SCC  test  results  from  Figure  73  were 
plotted  in  a form  that  would  show  a relationship  to  these  properties 
(Figure  80).  Data  for  the  wide  extrusions  with  cross-sectional 
areas  of  61  to  66-in.  2 were  not  included  since  their  SCC  resistance 
was  not  consistent  with  that  of  the  remaining  sections.  Each  point 
in  Figure  80  represents  a lot,  and  is  coded  to  show  the  SCC  test 
results  for  three  or  more  test  specimens.  It  was  shown  in  Figure  73 
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that  shapes  with  cross-sectional  areas  less  than  43-in.2  and 
longitudinal  yield  strengths  of  ^bout  68  to  69  ksi  completed  the 
30-day  SCC  test  at  the  45  ksi  test  stress.  It  can  be  seen  in 
Figure  80  that  at  a yield  of  69  ksi  the  average  electrical  con- 
ductivity would  be  about  41%  IACS. 

Statistical  analyses  of  the  data  indicated  that  if  the 
electrical  conductivity  were  41%  or  higher,  the  probability  of  a 
test  specimen  failing  the  30-day  SCC  test  would  be  less  than  5% 

(90%  confidence  level),  and  there  would  be  no  need  to  impose  a 
maximum  on  the  yield  strength.  Also,  the  SCC  test  performance  v/ould 
be  at  least  as  good  for  lots  with  a conductivity  in  the  40.0-40.9% 
IACS  range  provided  the  yield  strength  did  not  exceed  69  ksi.  The 
dashed  line  in  Figure  80  indicates  the  lot  release  criteria  recom- 
mended by  Alcoa20  for  7050-T7351X  extruded  shapes  up  to  5 inches 
thick.  Stress-corrosion  tests  of  additional  lots  with  cross- 
sectional  areas  greater  than  43-in.2  are  needed  before  an  appropriate 
SCC  test  stress  level  for  these  larger  sections  can  be  established. 

The  SCC  performance  of  specimens  from  extruded  shapes 
conforming  to  these  criteria  is  illustrated  in  Figure  81  (each 
point  represents  a single  test  specimen). 

T7651X  Temper 

Graphical  analysis  similar  to  that  described  above 
(Figure  82)  showed  that  all  sections  (regardless  of  cross-sectional 
area)  aged  to  yield  strengths  of  79  ksi  or  less  showed  the  desired 
resistance  to  exfoliation  (less  than  the  degree  E-E) , and  that  the 
average  electrical  conductivity  of  sections  aged  to  that  strength 
would  be  about  39%  IACS. 
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statistical  analyses  of  the  data  indicated  that  if  the 
electrical  conductivity  were  39£>  or  higher,  the  extruded  shape 
would  have  a high  probability  of  compliance  with  a corrosion  capa- 
bility requiring  exfoliation  less  than  the  degree  E-B  when  tested 
at  the  T/10  plane  in  the  EXCO  test,  and  there  would  be  no  need  to 
specify  a maximum  yield  strength.  The  cashed  line  in  Figure  81 
incicates  the  lot  release  criteria  recommended  by  Alcoa20  for 
7050-T7651X  extruded  shapes  up  to  5 inches  thick. 

The  SCC  performance  of  specimens  from  extruded  shapes 
conforming  to  these  criteria  is  illustrated  in  Figure  83.  It  is 
apparent  that  all  sections  will  not  complete  a 30-day  SCC  test  when 
stressed  at  25  ksi.  All  extruded  sections  of  7050-T7651X  tested 
to  date  completed  the  SCC  test  when  stressed  at  20  ksi,  but  there 
have  not  been  sufficient  tests  to  develop  the  desired  confidence 
at  this  level.  Alcoa  is  willing  to  guarantee  that  short- transverse 
specimens  stressed  at  25%  of  the  tentative  guaranteed  longitudinal 
yield  strength  (^17  ksi)  are  capable  of  passing  the  20-day  test  per 
ASTM  G47-76. 2 0 

b.  Minimum  Tensile  Properties 

Experience  has  indicated  that  a 9 to  10  ksi  spread  between 
maximum  and  minimum,  longitudinal  yield  strengths  of  7XXX  extrusions 
can  be  obtained  with  close  controls.  Consequently,  tentative  minimum 
longitudinal  yield  strengths  were  established  at  levels  9 or  10  ksi  below 
the  maximum,  strengths  which  provided  the  desired  corrosion  charac- 
teristics. Minimum  tensile  yield  strengths  of  69  ksi  and  60  ksi, 
respectively,  were  tentatively  established  for  7050-T7651X  and 
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7050-T7351X  extrusions  regardless  or  thickness.  Minimum  ultimate 
tensile  strengths  were  established  at  levels  10  ksi  higher  from 
ratios  of  tensile  ultimate  to  tensile  yield  strengths.  Mjnimuir 
elongation  values  of  7 and  8 percent  in  2 inches  were  established 
by  inspection  of  available  data. 
c.  Fracture  Toughness 

The  level  of  fracture  toughness  developed  in  the  L-T  and 
S-L  directions  of  7050  extrusions  depended  on  yield  strength, 
impurity  level,  fabricating  practice,  section  thickness,  and 
producer.  The  data  in  Tables  57  through  60  and  the  plot  of  Kj 
versus  yield  strength  in  Figure  39  indicate  that  any  properly 
fabricated  Alcoa  7050-T7351X  extrusion  is  capable  of  developing  L-T 
and  S-L  KIc  values  *32  and  16  ksi /in. , respectively.  The  data  also 
indicate  that  any  properly  fabricated  Alcoa  7050-T7651X  extrusion 
is  capable  of  developing  L-T  and  S-L  KIc  values  >27  and  13  ksi  /in. , 
respectively.  Some  extrusions  are  capable  of  developing  slightly 
higher  toughness  in  the  S-L  direction. 

The  level  of  toughness  in  the  T-L  direction  depended  more 
heavily  on  product  thickness  and  also  on  section  aspect  ratio  (width/ 
thickness).  The  data  indicate  that  any  properly  fabricated  Alcoa 
7050-T7351X  and  T7651X  extrusions  <2  inches  thick  are  capable  of 
developing  T-L  KIc  values  >28  ksi /in.  and  23  ksi /in. , respectively. 
For  thicker  sections,  the  capabilities  decrease  with  decreasing 
aspect  ratio  until  they  approach  those  of  the  S-L  direction. 

Alcoa  is  willing  to  guarantee  these  values  provided  that 
they  perform  tests  per  ASTM  E399.  That  other  producers  will  also  be 
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able  to  guarantee  the  same  levels  after  they  gain  experience  is 
rr ticipated. 

2.  Summary 

The  exfoliation  corrosion/  stress-corrosion/  and  fracture 
toughness  characteristics  of  7050-T7651X  and  T7351X  extrusions  are 
presented  in  Table  71  along  with  associated  electrical  conductivity 
values  and  tensile  properties  that  are  recommended  as  lot  release 
criteria.  Alcoa  proposes  that  material  having  a cross-sectional 
area  less  than  43  in. 2 be  released  for  shipment  on  the  basis  of 
meeting  the  electrical  conductivity  values,  tensile  properties,  and 
fracture  toughness  values  shown  in  this  table.  Stress-corrosion 
tests  of  larger  sections  (stress  level  to  be  negotiated)  must  be 
performed  until  sufficient  data  are  generated.  Alcoa  also  anticipates 
that  enough  confidence  will  soon  be  gained  in  secondary  indications 
of  fracture  toughness  (e.g.,  ratio  of  notch  tensile  strength  to 
yield  strength)  so  that  in  the  future  the  expensive  KIc  test  can  be 
eliminated  as  a lot  release  criterion. 

3.  Other  Pertinent  Specifications 

ASTM  B557  is  appropriate  for  specifying  sampling  and  test 
procedures  for  determination  of  tensile  properties.  Specimens  for 
determining  KIc  should  be  removed  from  locations  adjacent  to  the 
tension  test  coupons. 

ASTM  B342  is  appropriate  for  specifying  test  procedures  for 
determining  electrical  conductivity  by  the  eddy  current  method. 

Test  location  is  specified  in  Table  4.3  of  the  1976  issue  of  Aluminum 
Standards  and  Data  by  the  Aluminum  Association. 
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MIL-I-8950  is  appropriate  for  specifying  ultrasonic 


inspection  procedures. 

4.  Qualification  Procedure 

It  is  recommended  that  each  producer  qualify  his  processing 
by  testing  three  lots  in  the  EXCO  test  (ASTMG34-72)  and/or  the  alter- 
nate immersion  stress-corrosion  test  (ASTM  G47-76).  After  these 
tests  are  successfully  completed,  it  is  recommended  that  the 
capability  to  develop  the  exfoliation  and  stress-corrosion  charac- 
teristics be  evaluated  using  tensile  tests  and  electrical  conduc- 
tivity measurements. 

5.  Heat  Treatment  Recommendations 
No  investigation  was  made  of  solution  heat  treatment  and 
first-step  elevated  temperature  precipitation  heat  treatment  practices, 
so  no  recommendations  can  be  made  from  the  results  of  this  contract. 
Second-step  precipitation  heat  treatment  practice,  however,  was 
investigated.  Any  practices  which  provide  tensile  properties  and 
electrical  conductivity  values  which  fulfill  the  lot  acceptance 
criteria  are  acceptable.  Seccnd-step  treatments  of  8 hours  at  350#F 
for  7050-T7651X  and  12  hours  at  350°F  for  7050-T7351X  extrusions  are 
recommended  as  nominal  practires  at  this  time.  After  production 
experience  is  acquired,  the  nominal  times  may  have  to  be  modified. 

To  assist  in  selecting  alternate  nominal  practices, 
equivalent  second-step  aging  time  for  second-step  precipitation 
treatments  at  temperatures  between  300  and  360°F  may  be  determined 
by  use  of  the  following  equation: 
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(5) 


t 


T 


t350 


/exp  40.2  - 


32562 
T + 460  ' 


where.  = nominal  aginy  time  at  350°F 

T = temperature  in  °F, 

tr  = time  at  desired  aging  temperature. 

The  value  of  exp  40.2  - 325 may  be  taken  from  Figure  84  or 

T + 4 60 

may  be  calculated.  For  example,  the  equivalent  time  to  age  7050  at 
325°F  when  the  nominal  aging  practice  is  8 hours  at  350°F  is  de- 
termined as  follows: 


t325  = 8/exp  40.2  - ~ 29  h°“rs- 

Deviating  from  the  nominal  aging  temperature  by  more  than 
about  5°F  or  neglecting  to  compensate  for  aging  during  heating  to 
the  soak  temperature  can  lead  to  the  development  of  strength  and 
electrical  conductivity  values  outside  the  lot  release  criteria 
limits.  Consequently,  compensation  either  manually  by  the  furnace 
operator  or  automatically  by  an  Alcoa  patented  process*  is 
recommended. 


VI.  CONCLUSIONS 

1.  Commercial  quality  25  and  3 5- inch  diameter  7050  ingot  can  be 

N 

cast  successfully  under  production  conditions. 

2.  The  ingots  can  be  readily  fabricated  into  both  simple  sections 

and  aircraft  shapes. 

*U.S.P.  3645804. 
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3.  Extrusion  temperature,  extrusion  ratio,  and  section  size  and 
shape  affect  the  combination  of  strength,  toughness,  and 
resistance  to  stress-corrosion  cracking  that  can  be  develoied 

in  the  extrusions.  Sections  up  to  43  in.?  cross-section,  having 
low  ratios  of  width  to  thickness  (aspect  ratio)  and  fabricated 
at  a high  extrusion  temperature  with  a high  extrusion  ratio 
develop  the  most  attractive  combinations  of  these  properties. 

4.  All  7050  extrusions,  however,  can  be  heat  treated  to  develop 
the  following  combinations  of  properties  in  the  T7651X  and 
T7351X  tempers,  respectively: 

(a)  Strength  approaching  that  of  7075-T651X  in  thin  sections 
and  exceeding  it  in  thick  sections;  high  resistance  to 
exfoliation  corrosion;  improved  resistance  to  stress- 
corrosion  cracking;  and  higher  toughness. 

(b)  Strength  higher  than  that  of  7075-T7351X;  high  resistance 
to  exfoliation  corrosion;  comparable  resistance  to  stress- 
corrosion  cracking;  and  higher  toughness. 

5.  Wide  extrusions  with  a cross- sectional  area  greater  than  about 
61  in. 7 may  develop  a slightly  lower  combination  of  strength 
and  resistance  to  stress-corrosion  cracking  than  those  with  a 
cross-sectional  area  less  than  about  43  in.?. 

6.  Temper,  thickness,  and  section  size  of  7050-T7651X  and  T7351X 
extrusions  affect  the  value  of  ratios  of  secondary  design 
mechanical  properties  to  tensile  strengths. 

7.  Fatigue  characteristics  of  both  7050-T7651X  and  T7351X 
extrusions  were  comparable  to  the  fatigue  characteristics 
of  previously  tested  7050-T7651X  extrusions. 
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See  Table  9 to  relate  Cast  No.  to  Extrusion  Sample 


TABLE  11 


S.  No. 
437682- 


437679- 


437680 


437681 


437678- 


437677- 


LONGITUDINAL  YIELD  STRENGTH  AND  ELECTRICAL  CONDUCTIVITY 
OF  1.5- INCH  X 7.5-INCH  RECTANGULAR 
ALLOY  7050  EXTRUSIONS 


6 

1 

3 

5 
2 

4 

6 
1 

3 

5 
2 

4 

6 


2nd- 


Extr. 

Step 

Front 

Rear 

Extr. 

Temp, 

Age, 

E.  C. , 

Y.  S. , 

Ee  C • $ 

V.S. 

Ratio 

•F 

hr* 

« I ACS 

ksi 

% IACS 

ksi 

32 

780 

6 

35.8 

87.6 

35.8 

86.8 

8 

37.3 

83.7 

37.3 

83.5 

15 

39.0 

78.5 

39.2 

77.2 

20 

40.1 

73.1 

39.9 

74.2 

24 

40.1 

73.1 

39.9 

72.6 

32 

41.1 

68.0 

40.8 

69.3 

32 

600 

6 

37.0 

85.2 

36.7 

86.5 

8 

37.7 

82.3 

37.2 

83.8 

15 

39.9 

76.2 

39.6 

77.4 

20 

40.6 

69.5 

40.3 

71.6 

24 

40.4 

70.6 

40.6 

68.8 

32 

41.5 

64.4 

41.5 

66.5 

32 

610 

6 

35.4 

86.9 

35.4 

86.9 

8 

36.4 

84.3 

36.1 

85.1 

15 

38.4 

78.6 

38.4 

78.5 

20 

39.4 

73.9 

39.1 

75.6 

24 

39.6 

73.4 

39.6 

72.3 

32 

40.4 

69.3 

40.4 

68.3 

32 

600 

6 

35.5 

86.8 

35.5 

87.3 

8 

37.1 

83.2 

36.9 

83.8 

15 

38.9 

78.5 

38.9 

76.7 

20 

39.6 

73.6 

39.4 

74.4 

24 

39.7 

72.8 

39.4 

73.9 

32 

40.8 

67.5 

40.3 

71.1 

9 

820 

6 

36.7 

81.4 

36.4 

82.2 

15 

37.9 

72.6 

39.7 

73.9 

24 

40.5 

67.8 

40.1 

69.5 

32 

41.5 

63.7 

41.4 

63.4 

9 

600 

6 

35.5 

80.7 

35.1 

82.8 

15 

38.9 

75.1 

38.5 

74.4 

24 

39.9 

68.8 

39.3 

69.5 

32 

40.4 

66.7 

40.1 

65.4 

9 


* hours  at  325*F. 
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TABLE  12 


LONGITUDINAL  YIELD  STRENGTH  AND  ELECTRICAL  CONDUCTIVITY 
OF  2. 7 -INCH  X 4- INCH  RECTANGULAR 

ALLOY  7050  EXTRUSIONS 


S.  No. 

Extr. 

Ratio 

Extr. 

Temp, 

•F 

2nd- 

Step 

Age, 

hr* 

Front 

E.  C.,  Y.S., 

% I ACS  ksi 

Rear 
E*  C • f 
% I ACS 

Y.S., 

ksi 

437686-6 

-1 

32 

775 

6 

8 

36.1 

36.9 

88.0 

n.d. 

35.8 

36.3 

89.1 

87.1 

A 

15 

39.5 

77.4 

39.3 

79.2 

-5 

20 

40.0 

74.6 

39.7 

76.2 

-2 

24 

40.3 

72.9 

40.4 

73.4 

m 

-4 

32 

40.8 

69.5 

40.8 

70.3 

437685-6 

32 

610 

6 

8 

35.6 

36.6 

88.9 

85.7 

35.4 

36.0 

87.9 

88.1 

A 

15 

38.8 

78.5 

38.4 

81.0 

-5 

20 

39.6 

74.6 

39.6 

74.1 

-2 

24 

39.5 

74.4 

40.0 

73.6 

m 

-4 

32 

40.7 

68.2 

40.3 

71.8 

437684-6 

-3 

9 

810 

6 

15 

35.5 

39.5 

86.8 

77.4 

35.6 

39.1 

87.6 

78.1 

-2 

24 

40.3 

71.6 

40.1 

72.6 

-4 

32 

41.2 

66.7 

40.5 

70.0 

437683-6 

-3 

9 

610 

6 

15 

34.9 

38.6 

88.0 

79.5 

34.9 

38.4 

88.4 

79.0 

_2 

24 

40.2 

73.4 

39.2 

75.0 

-4 

32 

40.5 

70.0 

40.5 

69.3 

* hours 

at  325#F. 

n.d. 

* not 

determined  due  to 

instrument 

malfunction. 
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tests  of  0. 5- inch  diameter  tension  and  0.5— inch  diameter  notch  tension  specimens. 
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Single  tests  of  0.357-inch  diameter  tension  specimens  and  O.S-inch  diameter  notch  tension  specimen: 


SHOF.T-TRAMSVEP.se  TENSILE  PROPERTIES  OF  1.5 -INCH  X ?.E-IN'-h  RECTANGULAR  ALLOY  7 5 EXTP.USIOK 
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Single  tests  of  0.125—inch  diameter  tension  and  0. 5— inch  diameter  notch  tension  specimens.  Because 
the  length  of  the  notched  specimens  was  not  standard,  results  are  useful  for  internal  comparison 
only. 
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Single  tests  of  0.5-inch  diameter  tension  and  C. 5-inch  diameter  notch  tension  specimens. 
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Single  tests  of  0.357  inch  diameter  tension  specimens  and  0.5— inch  diameter  notch  tension  specimens. 
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length  of  the  notched  specimens  was  not  standard,  results 
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RESULTS  OF  EXFOLIATION  TESTS  CONDUCTED  ON  1.5"  X 7.5"  RECTANGULAR  7050  ALLOY  EXTRUSIONS 
EXPOSED  IN  AN  EXCO  TEST  SOLUTION  FOR  48  HOURS 
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P - pitting,  no  exfoliation. 

A through  D « exfoliation  in  increasing  order  of  severity. 

Correlations  with  lengthy  outdoor  exposures  in  seacoast  environment  indicate  that  material  receiving 
a rating  of  P or  A and  possibly  B in  the  EXCO  test  will  not  exfoliate  outdoors.  Material  receivin' 
a C or  D rating  will  exfoliate  outdoors. 
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STRESS-CORROSION  TEST  RESULTS  OF  2.75-INCH  X 4- INCH  RECTANGULAR  ALLOY  7050  EXTRUSIONS 
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5"  long  aluminum  mold.  5.  Molding  heartn  tor  wnturc  - 1 340  - Crack 

Bottom  Block  - Steel  (stepped  1360'F. 

and  water  cooled).  6.  Filter  temperature  - 1280  1340°F.  7.  Mold  fill  time  - 3 min 


TABLE  27 

EXTRUSION  PRESS  DATA  (21- INCH  CYLINDER) 


Alcoa  Lab 
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Size  or 
Sect.  No. 
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Temp, 
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Billet 

Temp, 
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Billet 
Size, 
dia  x 1 
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231372 

730 

700 

21  x 32 

429205 

213592 

730 

700 
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429206 

1. 5"x7 . 5" 

725 

680 

21  x 18 

429207 

3. 5"x7 . 5" 

730 

600 

21  x 28 

429208 

5.  0"x6. 25" 

730 

610 

21  x 40 
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2 9- inch  diameter  billets  machined  from  35-inch  diameter  ingot. 


LONGITUDINAL  TENSILE  PROPERTIES  AND  ELECTRICAL  CONDUCTIVITIES 
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tt"Front"  test  was  from  front  of  rear  half 
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♦Joggled,  but  tests  not  in  joggled  area 
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ULTRASONIC  INSPECTION  RESULTS  FOR  7050-T7351X 
EXTRUSION  SECTION  291812  - LOT  35767-A1-15-1 
SPECIMEN  421132-2 
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All  indications  marked  on  specimen. 
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TABLE  39 


RESULTS  OF  TENSILE 
SECTION  291812 

TESTS  ON 
- S.  NOS. 

7050-T7351X  SPECIMENS 
421132-1  AND  421132- 

FROM 

2 

SPECIMEN  NO. 

T.  S. , 
kei 

Y.S., 

kai 

t EL. , 
2-IN. 

R OF  A, 

« 

DISCONTINUITY 

421132  1-L1A 

77.6 

69.2 

12.0 

32 

Yea 

1-L4A 

77.3 

68.1 

13.0 

34 

No 

2-L2A 

74.9 

64.9 

12.5 

30 

Yea 

2-L3A 

74.j6 

64.7 

13.0 

31 

Yea 

L 

77.2 

68.5 

12.0 

31 

No 

NOTE:  All  teata  In  longitudinal  direction. 
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edfe  of  width;  location  not  comparable  to  those  of  other  shaper.  Data  not  Included  for  determining  ratios 
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NOTE:  (a)  Values  not  included  in  statistical  analyses  of  ratios. 
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NOTE:  (a)  Statistical  analyses  of  ratios  made  separate  from  other  extruded  shapes. 
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NOTE:  (a)  Values  not  included  in  statistical  analyses  of  ratios 


RATIOS  AMONG  TENSILE  AND  BEARING  PROPERTIES 
OF  7Q5Q-T7351X  EXTRUDED  SHAPES 
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NOTE:  (a)  Statistical  analyses  of  ratios  made  separate  from  other  extruded  shapes. 
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*OTE:  (a)  Analysis  Indicated  no  regression  with  thickness;  analysis  made  of  ratios  or.ly 
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tie  each  of  section*  9O01OT  and  2<)l8t?;  Insufficient  data  for  statistical  analyses, 
ties  of  sectt  on  'K'CIO?  and  one  sample  of  section  Analyses  of  ratios  only. 


RATIOS  FOR  COMPUTING  DESIGN  MECHANICAL  PROPERTIES  OF  7050-T7651X 
EXTRUDED  SHAPES,  CROSS-SECTIONAL  AREA  ^ 43  IN.2 

( AFML  CONTRACT  NO.  F33615-73-C-5015 ) 
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NOTES:  (a)  Separate  analysis  made  for  I and  LT  directions.  For  each  thickness  ranee 

the  lcwest  reduced  ratio  obtained  is  shown. 

(b)  Specimens  and  test  fixtures  cleaned  ultrasonically . 
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TAM.K  5 4 


COMP  IT  HI  . K.-ie:i  MKCilAUICAI  PHC'PfHTIE:'  01 
7050-T7C51X  i:;y;ii"r  vi  'HAIT.:' 


ALLOY  SPECIFICATION 

FORM 

xtruded  .’hnpes 

TEMPER 

176510,  .7(511 

CROSS-SECTIONAL  AREA,  in.2 

THICKNESS,  in.  { 

r 

! .*  - 

1. 

1 1.5-  ■- 

2.00C'- 

3.00C-  1 ^-OOC- 

L_ 

IMM 

2.999 

BASIS 

1 

er.l-itlve 

MECHANICAL  PROPERTIES 

— 

F»u.kfi  L 

mm 

79 

"9 

79 

79 

7 1 

LT 
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75 

! 74 

71 
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Ft¥.k»i  L 

(9 

c 9 

( ■) 
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( i 
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66 
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59 

ST 

Fc*.k$i  L 

f') 

( 9 

69 

69 

69 
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69 

69 

6 9 

LT 

71 

0 

'T0 

70 

69 

68 

6 4 

ST 

F*u.k»i 

44 

44 

43 

93 

43 

43 

msm 

mm 

mm 

Fbru.kai  t/O-I.S 

116 

\1C 

ns 

115 

114 

112 

no 

107 

103 

•/0-2.0 

151 

150 

150 

146 

144 

1&0 

136 

Fbrv. k«i  */0*l.5 

95 

95 

f i4 

94 

92 

90 

89 

85 

81 

#/D*2.0 
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110 

no 
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..  1 

ST 

■■Mi 
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■■■11 

^■^■1 

E.  I09  kti 

10.3 

ECl  I03  K si 

1C.  7 

| | r w:  ■ ..-••H 

G.  10s  ksi 

3.9 

J 

0.33 
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TAF-LE  57 
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considered  neanlnfful 
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(h)  Crack  ler^th  to  specimen  width  ratio  not  he  tween  0.^5  and  0#55« 
1m)  Kq  value*  are  considered  meaningful. 
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(e)  Humidity  30+  10% 

(f)  421332  through  421336 
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RESULTS  OF  ACCELERATED  SCC  TESTS  OF  70SO-T76S1X  EXTRUDED  SHAPES 
(ATML  CONTRACT  NO.  F 3 3615-C-SQ1S) 
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Tested  as  0 . 1 2*>"  diameter  short  transverse  tensile  bars 
F/N  denotes  number  of  specimens  failed  over  nunfcer  exposed 
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Tested  as  0.125  in.  diameter  short-transverse  ♦■ensile 
F/'J  denotes  number  of  specimens  failed  over  number  exp< 
Producer  B?  all  others  from  Producer  A. 
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Did  not  meet  ASTM  criteria  for  valid  K values.  Value  considered  meaningful . 


RESULTS  OF  TESTS  OF  RING  LOADED  SHORT  TRANSVERSE  COMPACT  SPECIMENS  DF  7 050- T7 35 IX  AND  T76S1X 
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Offset  equals  0.2  per  cent. 

Conductivity  measured  on  machined  T/2  surface 

Tested  as  0.125  in.  diameter  tensile  bars  except  where  noted. 
F/N  denotes  number  of  specimens  failed  over  number  exposed. 
Tested  as  0.750  in.  diameter  C-ring  specimens. 
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Figure  2 Bottom  Block 


FLUXING  GAS  MIXTURE 


a 


-161* 


Figure  3 Alcoa  181  Process 


Figure  4 


7050  - 25  inch  Diameter  Ingot,  S388511-C3 
Top  End 
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Figure  5 Alcoa  Section  263902  Alloy  7050  Extrusions 


Figure  6 Shows  No  Significant  Effect  of  Extrusion 
Temperature  on  Macrostructure 
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SURFACE 


MIDPLANE 

S-427232  -ALCOA  SECTION  263902  - ALLOY  7050 
LONGITUDINAL  SECTION  - POLARIZED  LIGHT  - 100X 


Figure  7a  Microstructures  at  Surface  and  Midplane  Near  the  Front 
of  an  Alloy  7050  Extrusion  Fabricated  at  750‘F 

Comparison  with  Figure  7c  Reveals  No  Significant  Effect  of  a 
50  F Difference  in  Extrusion  Temperature  on  the  Depth  of  the 
Coarse  Layer  of  Recrystallrzed  Grains  That  is  Characteristically 
Found  on  the  Surface  of  High-Strength.  Heat  Treatable  Aluminum 
Alloy  Extrusions,  and  No  Effect  on  the  Sub-Suiface  Structure 


\ 
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MIOPLANE 


S 427232  - ALCOA  SECTION  263902  - ALLOY  7050 
LONGITUDINAL  SECTION  - POLARIZED  LIGHT  - 100X 


Figure  7b  Microstructures  at  Surface  and  Midplane  Near  the  Rear 
of  an  Alloy  7050  Extrusion  Fabricated  at  750  F 

Comparison  with  Figure  7d  Reveals  No  Ettect  of  a 50  F 
Difference  in  Extrusion  Temperature  on  the  Depth  of  the  Layer 
of  Coarse  Recrystallized  Grains  and  on  the  Sub-Surface 
Structure  Comparison  with  Figure  c Reveals  That  the  Layer 
of  Coarse  Recrystallized  Grains  is  Thicker  in  the  Rear  Than  the 
Front  This  Difference  is  Characteristic  of  High-Strength  Aluminum 
Alloys  Extruded  by  the  Direct  Process 
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MIDPLANE 


S-427231  -ALCOA  SECTION  263902  - ALLOY  7050 
LONGITUDINAL  SECTION  - POLARIZED  LIGHT  - 100X 


Figure  7c  Microstructures  at  Surface  and  Midplane  Near  the 

Front  of  an  Alloy  7050  Extrusion  Fabricated  at  800°F 
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SURFACE 


MIDPLANE 

S-427231  -ALCOA  SECTION  263902  - ALLOY  7050 
LONGITUDINAL  SECTION  - POLARIZED  LIGHT  - 100X 

Figure  7d  Microstructures  at  Surface  and  Midplane  Near  the  Rear 
of  an  Alloy  7050  Extrusion  Fabricated  at  800  F 
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CVi 

<0 


ALL  DIMENSIONS  ARE  IN  INCHES 


ALL  OVER 


NOTE  : TO  OBTAIN  SHORT-TRANSVERSE  SPECIMENS,  THE  OVERALL  LENGTH 
MAY  BE  REDUCED  BY  SHORTENING  THE  REDUCED  SECTION,  THE 
MINIMUM  DIMENSIONS  ARE  SHOWN  IN  PARENTHESES. 


Figure  8 Notch-Tensile  Specimen 


3/4  DIA 


43'C8e 


FRONT 


6 FEET  FROM  FRONT 


I EXTRUSION  RATION  32 


EXTRUSION  TEMPERATURE  775  780*F 


Figure  9a  Macrostructures  of  Alloy  7050  Rectangles  Ex- 
truded from  21  inch  Diameter  Billets  at  High 
Extrusion  Temperature 


170 


43/685 


t 


* * - N .* 

N V.  ► V - ± * .JT  ' 

vr  o 


rear 

* *■  • * T-  J •■  . '•  ] 

EXTRUSION  RATION  32  ^'^VuiAcCCUk 

EXTRUsIoNT^MPERATURF  600  610‘F 


Figure  9b  Macrostructure  of  Alloy  7050  Rectangles  tx- 
truded  from  21  inch  Diameter  Billets  at  Low 
Extrusion  Temperature 
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Figure  9c  Macrostructures  of  Alloy  7050  Rectangles  Ex- 
truded from  11  inch  Diameter  Billets  at  High 
Extrusion  Temperature 


172 


« 


Wm**  * »r  •"'-•nr-' ">  ,<•  - 


4 37b83 


I 437677 


Figure  9d  Macrostructures  of  Alloy  7050  Rectangles 
Extruded  from  1 1 inch  Diameter  Billets  at 
Low  Extrusion  Temperature 
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Figure  1 


mio  STAIHGTH  1*611 


Figure  11  Notch  Tensile  - Yield  Ratio  Versus  Yield  Strength  for  7050  Extrusions 
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A <U  ..  .. 


S.  NO.  437681-F3  100X  KELLERS  ETCH 


Figure  12a  Longitudinal  Section  at  the  Midplane  of  a 1 5 X 7 5" 
Thick  Rectangular  Bar  7050  Alloy  Extrusion  Fabricated 
at  Extrusion  Ratio  32.  Extrusion  Temp  600°F.  With 
Second  Step  Aging  of  15  hrs  at  325°F 


S.  NO.  437677-F3  100X  KELLERS  ETCH 


Figure  12b  Longitudinal  Section  at  the  Midplane  of  a 1.5  X 7 5" 
Thick  Rectangular  Bar  7050  Alloy  Extrusion  Fabricated 
at  Extrusion  Ratio  9,  Extrusion  Temp  600°F.  With 
Second  Step  Aging  of  15  hrs  at  325°F 
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S.  NO.  437686F2  100X  KELLERS'S  ETCH 


Figure  12c  Longitudinal  Section  at  the  Midplane  of  a 2 75  X 4.0 

Thick  Rectangular  Bar  7050  Alloy  Extrusion  Fabricated  at 
Extrusion  Ratio  32.  Extrusion  Temp,  775°F,  With 
Second  Step  Aging  of  24  hrs  at  325°F 


S NO.  437683-R4  100X  KELLERS'  ETCH 


Figure  12d  Longitudinal  Section  at  the  Midplane  of  a 2 75  X 
4.0"  Thick  Rectangular  Bar  7050  Alloy  Extrusion 
Fabricated  at  Extrusion  Ratio  9.  Extrusion  Temp. 

610°F,  With  a Second  Step  Aging  at  32  hrs  at  325°F 
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Figure  13a 


ain  Structure  at  Stress-Corrosion  Test  Specimen 
ication  in  2.75  inch  X 4.0  inch  Section  Extruded 
Low  Temperature 
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Figure  13b  Grain  Structure  at  Stress-Corrosion  Test  Specimen 
Location  in  1 5 inch  X 7 5 inch  Section  Extruded 
at  Low  Temperature 
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Figure  14  Grain  Structure  at  Stress-Corrosion  Test  Specimen 
Location  in  1.5  inch  X 7.5  inch  Section  Extruded 
at  High  Temperature 
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Figure  15  Photograph  of  35  inch  Diameter  7050  Ingot 


Figure  16  Macroetched  Cross  Sections  of  Alloy  7050-T73510 
Rectangular  Extrusions 
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Figure  17  Macroetched  Cross  Sections  of  Alloy  7050-T73510 
Panel  Extrusions 
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Figure  18  Macroetched  Cross  Sections  of  Alcoa  Section  165822 
Alloy  7050  Extrusions 
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Figure  19  Macroetched  Cross  Sections  of  Alcoa  Section  213592 
Alloy  7CR0  Extrusions 
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Figure  20  Macroetched  Cross  Sections  of  Alcoa  Section  263902 
Alloy  7050  Extrusions 
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Figure  21  Macroetched  Cross  Sections  of  Alcoa  Section  291812 
Alloy  7050  Extrusions 
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Figure  22  Macroetched  Cross  Sections  of  Alcoa  Section  900102 
Alloy  7050  Extrusions 
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FIG.  23 


Figure  24  Joggled  Extrusions  for  C5A  Joggled  Ends  Face  Camera 
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Figure  25  Effect  of  Ultrasonic  Indications  on  Fatigue 
Performance 
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Tapered-Jeat  Specimens 
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15/64 


Straight  Reduced  Sec 


tion  /_  R> 


Diameter , 
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Reduced-Section 
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D2 
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9/16 
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Stress-Strain  and  Modulus  of  Elasticity  Specimens 


Figure  26  Tensile  Specimens 
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Nominal 
Diameter,  in. 

Diameter (D) , 
in. 

Length(L) , 
in. 

3/i,(a) 

0.7515 

0.7^85 

3-1/2 

1/2(a) (b) 

0.4980 

0.1*950 

1-7/8 

3/8(b) 

0.3765 

0.3735 

1-1/2 

(a)  Specimen  for  stress-strain  tests 

(b)  Specimen  for  autographic  tests 


Compressive  Specimens 


Shear  Specimen 


Figure  27  Compressive  and  Shear  Specimens 


Figure  29  Typical  Stress-Strain  and  Compressive  Tangent-Modulus  Curves 
for  7050-T7651X  Extruded  Shapes 
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STRESS,  ksi 


STRAIN,  0.001  in /in.  COMPRESSIVE  TANGENT-MODULUS.  103  ksi 


Figure  30  Typical  Stress-Strain  and  Compressive  Tangent-Modulus  Curves 
for  7050-T ? 651X  Aluminum  Alloy  Extruded  Shapes 
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STRESS,  ksi 


Figure  31  Typical  Stress-Strain  and  Compressive  Tangent-Modulus  Curves 
for  7050-T7351X  Extruded  Shapes 


STRESS,  ksi 


STRAIN.  0.001  in./in.  COMPRESSIVE  TANGENT -MODULUS.  103  ksi 


Figure  32  Typical  Stress-Strain  and  Compressive  Tangent-Modulus  Curves 
for  7050-T7351X  Extruded  Shapes 
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Figure  33  Average  Stress-Strain  and  Compressive  Tangent-Modulus  Curves 
for  7050-T7351X  Extruded  Aluminum  Alloy  C5A  Wing  Panels 
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Figure  36  Set-up  for  Fatigue  Precracking  of  Compact  Tension  Fracture 
Toughness  Specimens 
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Figure  37  Set-up  for  Testing  Compact  Tension  Fracture 
Toughness  Specimens 
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* * 


NOTE:  All  dimensions 

in  inches 


Figure  41  Smooth  and  Notched  Axial-Stress  Fatigue  Specimens 
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Figure  42  Smooth  Fatigue.  R=+0.1 


Figure  43  Smooth  Fatigue. 


1 .. 


Figure  44  Smooth  Fatigue,  R=+0. 1 (Smaller  Shape) 


Figure  45  Smooth  Fatigue.  R=  + 0 1 (Larger  Shape) 
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Figure  46  Smooth  Fstigue  R — 1.0  (Lsrger  Shspe' 


o> 


is*  SS3U1S  wnwixvw 


213 


Figure  47  Notch  Fatigue. 


w ‘ss3dis  wnwixvw 


Figure  48  Notch  Fatigue. 


!$>!  SS3«1S  wnwixvw 


CYCLES 

Figure  49  Notch  Fatigue.  R=+0.1  (Smaller  Shape) 


Figure  50  Notch  Fatigue.  R=+0.1  (Larger  Shape) 


Figure  51  Notch  Fatigue.  R=-1  0 (larger  Shape) 
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Figure  52  Smooth  and  Notched  Fatigue  of  7G50-T7651X.  Salt  Fog. 


Figure  53  Smooth  and  Notched  Fatigue  of  7050-T7351X.  Salt  Fog. 


Figure  54  Smooth  and  Notched  Fatigue  of  7050-T7351X,  Salt  Fog. 


I 


a = CRACK  LENGTH 
SPECIAL  DIMENSIONS  - inches 


LbJ 

2H 

W 

A 

D 

d 

mm 

H/W 

m 

3.72 

3.805 

1.650 

0.75 

1.151 
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0.485 

mi 

3.72 

3.100 

1.650 

0.75 

1.151 

4.10 

Q9 

ES3J 

EE1 

2.500 

1.37? 

0.375 

0.62 

3.125 

wjm 

Figure  55  Dimensions  for  Compact  Fatigue 
Crack-Propagation  Specimen 
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Figure  56  Set-up  for  Fatigue-Crack  Propagation  Tests  in  Humid  Environment 
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Figure  57  Compact  Crack  Propagation  Specimen  in  Fatigue  Machine 
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Fiq.  58  Fatigue  Crack-Growth  Data  for 

0.915-in.  7050-T7651X  Extrusion 
L-T  Orientation 
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3-MAY-76  09U7  59.0 


Fig.  59  Fatigue  Crack -Growth  Data  for 

0.915-in.  7050-T7651X  Extrusion 
T-L  Orientation 
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3-MAY-76  09:17  18„4 


Fig.  60  Fatigue  Crack-Growth  Data  for 

0.915-in.  7050-T7351X  Extrusion 
L-T  Orientation 
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3-MAY-76  09: 17  30.7 


Fig.  61  Fatigue  Crack-Growth  Data  for 

0.915-in.  7050-T7351X  Extrusion 
T-L  Orientation 
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Fig.  62  Fatigue  Crack-Growth  Data  for 
5x6-l/4-in.  7075-T7351X  Extrusion 
T-L  Orientation 
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22-SEP-75  08:33  23.6 


12-MFIY-76  08:28  17.8 


Fig.  64 


Fatique  Crack-Growth  Data  for 
C5A  Extruded  Panels,  7050-T7351X 
L-T  Orientation  - Dry  Air 


27-MRY-76  08:12  38.5 


Fig,  65  Fatigue  Crack-Growth  Data  for 

C5A  Extruded  Panels,  7050-T7351X 
L-T  Orientation  - Moist  Air 
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27-MAY-76  08:12  21 


Fig.  cf.  Fatigue  Crack-Growth  Data  for 

C5A  Extruded  Panels,  7050-T7351X 
T-L  Orientation  - Dry  Air 
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27-MAY-76  08:11  58.0 


Fig.  67  Fatigue  Crack-Growth  Data  for 

C5A  Extruded  Panels,;  7050-T7351X 
T-L  Orientation  - Moist  Air 

I 
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13-M AY-76  11:28  30.5 


Fig.  68  Fatigue  Crack-Growth  Data  for 

C5A  Extruded  Panels,  7050-T7351X 
T-L  Orientation  - Moist  Air  - R=0.5 
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Figure  70a  1/8  in.  Oiameter  Tensile  Specimen,  Various  Parts 
of  the  Stressing  Frame  and  Final  Stressed 
Assembly  for  Stress  Corrosion  Tests 


Figure  70b  Synchronous  Loading  Device  Used  to  Stress  Specimens 
Stressed  Assembly  and  One  Assembled  Finger  Tight 
Ready  for  Stressing  Are  Shown  to  the  Left 
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SECTION  ON  £ 


FIG.  71  CONFIGURATION  OF  DOUBLE  CANTILEVER  BEAM  (DCB)  SPECIMEN 
USED  FOR  SCC  TESTS 
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LONGITUDINAL  YIELD  STRENGTH  , KSI 

Figure  73  Summary  of  Accelerated  SCC  Test  Results  for  1. 2-5.0”  Thick  Alloy  7050  Extruded  Sections 

(Test  Stress  - 45KSI) 


LONGITUDINAL  YIELD  STRENGTH  , KSI 

Figure  74  Summary  of  Accelerated  SCC  Test  Results  for  1. 2-5.0”  Thick  Alloy  7050  Extruded  Sections 

fTest  Stress  - 25KSI) 


Figure  75  Environmental  Crack  Growth  of  Short-Transverse  7050  Alloy 
Specimens  Exposed  to  3.5%  NaCl  Solution  Dropwise 


MAG  7.5X  MAG  100X 

S NO.  421137 


Figure  76  Illustrates  Fracture  Surface,  Crack  Profile 
and  Intergranular  Nature  of  SCC  Growth  in 
Short  Transverse  (S-L)  DCB  Specimens  from 
a 7050-T7351X  Section  (Die  No.  900102) 
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MAG  1.5X 


t •: 
#• 


MAG  7.5X  MAG  100X 

S NO.  421135 


Figure  77  Illustrates  Fracture  Surface,  Crack  Profile 
and  Intergranular  SCC  Growth  in  Short 
Transverse  (S-L)  DCB  Specimens  from  a 7050-T7651X 
Section  (Die  No.  900102) 
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Specimens  (S-L)  Bolt  Loaded  to  Pop- In 
Three  Times  Daily  With  3.5%  NaCl 
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Figure  78  Ki  - Rate  Data  For  Tests  of  7050  Alloy  Extrusions 


Longitudinal  Yield  Strength,  ksi 
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SCC  Test  Performance 

O Passed  30  Days 

9 Passed  20  Days,  Failed 

• Failed  20  Days 

Dashed  Line  Indicates  Lot 

Release  Criteria  For 
U050-T7351X  Extruded  Shapes 
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36  38  40 

Electrical  Conductivity,  % IACS 


42 


Figure  80  SUMMARY  OF  ACCELERATED  SCC  TEST  RESULTS  FOR  1.2  - 5.0" 

THICK  ALLOY  7050-T7XXX  EXTRUDED  SHAPES  LESS  THAN  43  SQUARE 
INCHES  IN  CROSS  SECTION  (TEST  STRESS  - 45  KSI) 
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Figure  81  Short-Transverse  Stress-Corrosion  Tests  of  7050-T7351X 
Extruded  Shapes  (1.2- 5.0"  Thick) 


Longitudinal  Yield  Strength,  ksi 


90 


36  38  40  42 


Electrical  Conductivity,  % IACS 

Figure  82  SUMMARY  OF  EXFOLIATION  TEST  RESULTS  FOR 
0.4  - 5.0"  THICK  ALLOY  7050-T7XXX 
EXTRUDED  SHAPES 
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Figure  83  Short-Transverse  Stress-Corrosion  Tests  of  7050-T7651X 
Extruded  Shapes  (1. 2-5.0"  Thick) 
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Figure  84  Factor  for  Calculation  of  Equivalent  Artificial  Aging  Conditions 
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APPENDIX  A 


Low  Crack  Growth  Rate  Fatigue  Propagation  Tests 

Crack  growth  data  starting  at  rates  of  10“8  to  10'7 
in  /cycle  are  presented  in  Figs.  Al  - A3.  The  horizontal  scale 
for  these  figures  has  been  expanded;  accordingly,  differences 
and  scatter  are  emphasized.  The  following  expression  was  used 
for  stress  intensity  for  these  specimens  having  H/W=0.6: 

K=—  (2+.a/W)  [0. 886+4. 64  (a/W) -13 . 32  (a/W)  2+14 . 72  (a/W)  3-5 . 6 (a/W)  4 ] 

B/vT  (1 -a/W) 3/2 

This  equation  (Ref.  37)  is  accurate  over  a greater  proportion  of 
the  width  than  the  equation  given  in  Ref.  27,  so  data  was  taken 
starting  at  H/W=0.30  instead  of  0.35. 

Average  curves  are  included  in  Figs.  A-l  and  A-2 
representing  fatigue  crack  propagation  relationships  obtained  in 
R=l/3  tests  of  1-in.  thick  specimens  from  the  C5A  wing  panels  (Figs. 

64  and  65) . An  increase  of  propagation  rates  with  increase  in  stress 
ratio  is  shown  for  the  L-T  specimens  tested  in  moist  air.  At  low 
and  high  stress  intensities,  growth  rates  are  equivalent  in  dry 
and  moist  environments.  The  results  for  both  the  R=0.1  and  0.5 
tests  of  1/4  in.  L-T  specimens  show  substantially  less  environmental 
effects  at  intermediate  stress  intensities.  For  the  tests  in  dry 
air,  propagation  is,  surprisingly,  indicated  to  be  faster  for  R=0.1 
than  for  R=l/3  at  intermediate  stress  intensities.  Fig.  A-4 
shows  data  presented  by  Wei  (Ref.  ift  ) concerning  the  effect  of 
moisture  content  on  fatigue  crack  growth  in  an  Al-Cu-Mg  alloy  and 
in  Alclad  7075-T6  sheet.  It  can  be  seen  that  the  effect  of  water 
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content  varies  with  frequency  and  stress  level  but  that  the  transition 
from  no  effect  of  water  vapor  to  maximum  increase  in  rate  of 
propagation  at  test  frequencies  of  15  to  50  Hz  probably  occurs 
in  the  range  of  5 to  10%  relative  humidity.  Accordingly,  it  is 
believed  that  the  anomaly  of  faster  dry  air  propagation  at  R=0.1 
than  at  R=l/3  probably  results  from  variations  in  humidity  within 
this  range.  It  appears  that  data  obtained  in  a moist  environment 
presents  the  only  data  for  this  alloy  which  would  be  in  the 
practical  range  for  aircraft  alloys. 

For  rates  above  10“?  in/cycle  Fig.  A-3  shows  good 
agreement  between  rates  determined  for  1/4-in.  and  1-in.  thick  T-L 
specimens  tested  in  moist  air;  the  more  limited,  low  growth  rate 
data  for  the  1-in.  thick  specimen  indicates  a somewhat  higher 
threshold  - the  stress  intensity  below  which  propagation  would 
not  occur.  At  rates  above  1C“7  in/cycle,  propagation  was  similar 
for  the  L-T  and  T-L  specimens  in  moist  air,  but  the  T-L  specimen 
tested  in  dry  air  showed  a slightly  greater  environmental  advantage. 

At  R=0.5,  a threshold  stress  intensity  of  about  1.5  ksi/In.  is 
indicated  for  the  T-L  specimens  and  about  1.0  ksi/Tn.  for  the 
L-T  specimens.  Fig.  A-l  supports  a threshold  of  about  2.5  ksi/Tn. 
for  the  R=0 . 1 test  of  L-T  specimens. 
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Test  Program  to  Determine  Fatigue  Crack  Propagation 
at  Low  Stress  Intensities  for  7C50-T73511  C5A  Extruded  wing  Panel 
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ri  . A- 2 raticue  Crack  Crowth  Data  for  C5A  Extruded  Panel,  70S0-T7351X.  I.-T  Orientation  and 


6*0h  hS:et  Z.L-NdP-S2 
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Fatigue  Crack  Growth  Data  for  C5A  Extruded  Panel , 70S0-T7 351X , T-L  Orientation  and 
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REl AtIVE  HUMlDI'Y  * RELATIVE  HUMIDITY  V 


PRESSURE  I TOTAL  OR  PARTIAL  I OF  WATER  VAPOR  TORR  PRESSURE  OF  WATER  VAPOR  TORR 

FREQUENCY  100  Hi  FREQUENCY  1 H/ 


THE  EFFECT  OF  MOISTURE  CONTENT  AND  FREOUENCY  ON  THE 
RATE  OF  FATIGUE  CRACK  GROWTH  IN  A AlCuMg  ALLOY  l ) 


RELATIVE  HUMIDITY  V 
1 10  100 


THE  EFFECT  OF  PARTIAL  PRESSURE  OF  WATER 
VAPOR  ON  FATIGUE  CRACK  GROWTH  IN  A 
AIZnMg  ALLOY  AT  57  c/s  ( 1 


Figure  A 4 EMects  ol  Moisture  Content  on  Fatigue  Crack  Growth 
ol  Aluminum  Alloys  iREF  38> 
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APPENDIX  B 


SCC  CRACK  GROWTH  CURVES 
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Figure  B1 
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Figure  B2  Environmental  Crack  Growth  of  Short  Transverse  7050-T7351 
Alloy  OCB  Specimens  Exposed  to  3 5%  NaCI  Solution 
Dropwise,  S429207-1(O),-2(D) 


Figure  B3  Environmental  Crack  Growth  of  Short  Transverse  7050-T7351 
Alloy  DCS  Specimens  Exposed  to  3.5%  Nad  Solution 
Dropwise,  S421137-2(0).-3(D) 


Figure  B5 


Figure  B6  Environmental  Crack  Growth  of  Short  Transverse  7050-T7351 
Alloy  DC8  Specimens  Exposed  to  3.5%  NaCI  Solution 
Dropwise,  S421132-2(0),-3(D) 


Figure  B7  Environmental  Crack  Growth  of  Short  Transverse  7050-T7651 
Alloy  DC8  Specimens  Exposed  to  3.5%  NaCI  Solution 
Dropwise.  S411287-1(0).-2)D) 


nsverse  7050-T7651 
laCI  Solution 


Figure  B9  Environmental  Crack  Growth  of  Short  Transverse  7050-T7651 
Alloy  OCB  Specimens  Exposed  to  3.5%  NaCI  Solution 
Dropwise,  S41 1285- 1(0), -2(D) 
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EXPOSURE  TlnE  - OATS 

Figure  B12  Environmental  Crack  Growth  of  Short  Transverse  7050-T7651 
Alloy  OCB  Specimens  Exposed  to  3.5%  NaCI  Solution 
Dropwise,  S42 1 1 43- 2(0), -3(D) 


Figure  B13  Best  Estimate  of  K-Rate  Curves  for  S-L  7050-T7651 
Alloy  OCB  Specimens  Exposed  to  3.5%  NaCI  Solution 
Dropwise,  S421135 
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Figure  B14  Best  Estimate  of  K-Rate  Curves  for  S-L  7050-T7351 
Alloy  DCB  Specimens  Exposed  to  3.5%  NaCI  Solution 
Dropwise,  S429204 
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Figure  B17  Ring  Loaded  Compact  Tension  Specimen  of  7050-T7351X 
Exposed  to  a Salt-Dichromate  Solution. 
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Figure  Bit  Rmg  Loaded  Compact  Tension  Specimen  of  7054-T73S1X 
Exposed  to  a Salt  Oictuomate  Solution 
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Figure  B20  Ring  Loaded  Compact  Tension  Specimen  of  7050-T7351X 
Exposed  to  a Salt-Dichromate  Solution. 
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Figure  B22  Ring  Loafed  Compact  Tension  Specimen  of  7050-T7351X 
Exposed  to  a Salt-Oictiromate  Solution. 
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Figure  B24  Ring  Loaded  Compact  Tension  Specimen  of  7050-T7351X 
Exposed  to  a Salt-Dichromate  Solution. 


Figure  B25  Ring  Loaded  Compact  Tension  Specimen  ot  7050-T7351X 
Exposed  to  a Salt-Dichromate  Solution 


Figure  B26  Ring  Loaded  Compact  Tension  Specimen  of  7050-T7351X 
Exposed  to  a Salt-Oichromate  Solution. 


285 


Figure  B27  Ring  Loaded  Compact  Tension  Specimen  of  7050-T7651X 
Exposed  to  a Salt-Oichromate  Solution. 
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Figure  B28  Ring  Loaded  Compact  Tension  Specimen  of  7050-T7651X 
Exposed  to  a Salt-Dichromate  Solution. 
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Figure  B29  Ring  Loaded  Compact  Tension  Specimen  of  7050-T7651X 
Exposed  to  a Salt-Dichromate  Solution. 


Figure  830  Computer  Print-Out  ot  Stress  Intensities  and  Crack 
Growth  Rates  at  Various  Intervals  During  the  Test. 


S - V 

U « M 


5 *?“t 


• aa^Nwaa  • aw  a • o • r 


• * * • 5*  * 5 j *31 3!  • — • £ 5 — - S S * ► 5*  S • • £ • 


• • w J 

is  1 »-  3 

**  W w O 

M M O 

MS  - • 


w*  » C / 


kcoooseoseooiiet 


C c w * 

C A • c 

a a i*  « 

£»  a a e 


• *ee»r*»w^ncn/i«-w4*-V#«*9t:# 

• «/•«  v •«  « « « e>  t*  *»  • i e • o » 

— — - ~ _ V «•  — rn> 

eocooociatce sojoooscocooc sec 
c <?  s c sceseeeceoeoeeodcc  : o o c c 


Z * b O 

— J • I 

J 4 1 - 

« «e  * e 


t4oi<«^ct«*n:f««ikei<<M)it«hei  *•  o c 

i a *m  «»o  — *•*••*•*«  « to  « 

- I «i ft  « 

t-  SCO 

c«  « 


288 


rf,IMH.IH.  .1,l«llf.«1I.U.  •tllim«HTnh  o.7717l-o»t»««.  •o,M«ota|aT«*ft 

-a.n 7ir-i »!••• 


Figure  B31  Computer  Print-Out  of  Stress  Intensities  and  Crack 
Growth  Rates  at  Various  Intervals  During  the  Test. 
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Fi(jur*  B32  Computer  Print-Out  of  INess  intensities,  and  Crack 
Growth  Rates  at  Various  Intervals  During  the  Test. 
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Figure  B33  Computer  Print-Out  of  Stress  Intensities  and  Crack 
Growth  Rates  at  Various  Intervals  During  the  Test. 
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Figure  B34  Computer  Print-Out  of  Stress  Intensities  and  Crack 
Growth  Rates  at  Various  'ntervals  During  the  Test. 
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Figure  B3S  Computer  Print-Out  of  Stress  Intensities  and  Crack 
Growth  Rates  at  Various  Intervals  During  the  Test 
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Figure  B36  Computer  Print-Out  of  Stress  Intensities  and  Crack 
rfcerth  Rates  at  Various  intervals  During  the  Test. 
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Figure  B37  Computer  Print-Out  of  Stress  Intensities  and  Crack 
Growth  Rates  at  Various  Intervals  During  the  Test. 
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Figure  B39  Computer  Print-Out  ot  Stress  Intensities  and  Crack 
Growth  Rates  at  Various  Intervals  During  the  Test. 
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Figure  B40  Computer  Print-Out  ot  Stress  Intensities  and  Crack 
Growth  Rates  at  Various  Intervals  During  the  Test 
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Figure  841 

Computer  Print-Out  of  Stress  Intensities  and  Crack 

Growth  Rates  at  Various  Intervals  During  the  Test 
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Computer  Print-Out  of  Stress  Intensifies  and  Crack 
Growth  Rates  at  Various  Intervals  During  the  Test. 
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APPENDIX  C 


RESISTANCE  TO  SCC  AND  MICROSTRUCTURE 

by 

B.  K.  Park 

INTRODUCTION 

Resistance  to  stress-corrosion  cracking  in  the  short- 
transverse  direction  of  commercially  established  7XXX  extrusions 
depends  on  section  geometry  as  well  as  on  the  level  of  yield 
strength  obtained  by  overaging,  and  alloy  7050  extrusions  also 
exhibit  this  phenomenon  (Figure  C-l).  This  effect  has  in  the  past 
been  associated  with  differences  in  the  shape  of  the  grains  as 
affected  by  the  shape  of  the  extrusion.3  6 Extrusions  which  are  wide 
with  respect  to  their  thickness  have  microstructures  consisting  of 
thin,  wide,  long  grains.  Similarly,  extrusions  which  are  narrow 
with  respect  to  their  thickness  have  microstructures  consisting  of 
grains  which  are  relatively  equiaxial  when  viewed  in  the  direction 
of  extruding.  The  extrusions  having  the  wide,  thin  grains  gen- 
erally have  lower  resistance  to  stress-corrosion  cracking  in  the 
short-transverse  direction. 

The  purpose  of  this  part  of  the  investigation  was  to 
examine  the  microstructures  of  three  alloy  7050  extrusions  having 
different  shapes  and  resistances  to  stress-corrosion  cracking  to 
determine  if  factors  other  than  grain  shape  may  contribute  to  the 
stress-corrosion  characteristics. 
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MATERIAL 


A C5A  wing  plank  extrusion  (section  No.  900102  and 
specimen  No.  421333),  a wing  spar  (section  Vo.  263902  and  specimen 
No.  442116)  and  a 1-1/2  in.  x 7-1/2  in.  rectangle  (specimen  Mo. 
437682-3)  were  selected  for  detailed  examination.  This  selection 
provided  comparison  at  equal  high  yield  strengths  with  different 
responses  to  stress-corrosion  testing  (rectangle  vs  spar)  and 
similar  stress-corrosion  test  performances  at  different  strength 
levels  (rectangle  vs  plank).  Test  performances  with  a stress 
level  of  45  ksi  are  plotted  in  Figure  Ol,  and  detailed  results 
are  presented  in  Table  C-l. 

EXPERIMENTAL 

For  thin  foils  for  transmission  electron  microscopy  (TEM) , 
several  strips  were  cut  out  from  areas  adjacent  to  the  region  where 
stress-corrosion  cracking  (SCC)  samples  were  taken.  Since  SCC  tests 
were  made  on  short-transverse  specimens  and  fracture  occurred  near 
the  midplane,  3 mm  diameter  discs  wore  cut  out  at  this  location  of 
the  plate  by  Servomet  (spark  erosion  machine).  The  discs  were 
oriented  parallel  to  the  fracture  plane  of  the  SCC  test  specimen. 
Then  the  discs  were  planed  down  to  roughly  5 mils  thickness,  also 
using  Servomet,  and  then,  finally,  electropolished  using  a jet 
polishing  method.  The  electrolyte  consisting  of  25  vol.%  nitric 
and  75  vol.%  methanol  was  used  at  -20°F. 

The  thin  foils  were  examined  by  a Phillips  301G  equipped 
with  eucentric  qoniometer  stage.  The  operating  voltage  of  the 
microscope  was  100  Kv.  Dark  field  as  well  as  bright  field  mode 
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was  utilized  fox  the  TEM  examination.  Also,  samples  for  light 
microscopy  were  taken  from  areas  adjacent  to  the  TEM  strips  and 
etched  by  Keller's  etch.  The  degree  of  recrystallization  was 
checked  by  light  microscopy  at  the  midplane  and  near  the  surface. 

In  addition  to  TEM  and  light  microscopy,  pinhole  X-ray  diffraction 
was  supplemented  to  determine  the  degree  of  recrystallization. 
RESULTS  AND  DISCUSSION 

The  typical  size  and  distribution  of  constituent  particles 
are  shown  in  Figures  C-2a  through  C-2c.  In  the  micrographs,  one 
can  see  that  the  constituent  particles  are  broken  into  small  pieces 
during  fabrication.  By  comparing  three  different  cross-sections 
in  the  extrusions,  it  was  found  that  there  were  no  appreciable  dif- 
ferences in  the  size  and  distribution  of  constituents. 

Shown  in  Figures  C-3,  C-4,  and  C-5  are  optical  micro- 
graphs of  the  three  different  extrusion  sections  after  Keller's 
etch.  The  rectangle  (S.No.  437682-3)  was  found  to  have  the  lowest 
degree  of  recrystallization,  the  spar  (S.No.  442116)  the  highest, 
and  the  wing  plank  (S.No.  421333)  in-between.  These  observations 
made  by  optical  microscopy  are  consistent  with  the  findings  made 
by  X-ray  diffraction  and  by  TEM. 

Figures  C-6a  and  C-6b  represent  typical  bright  field  TEM 
micrographs  of  the  rectangle.  By  a proper  tilting  of  the  sample, 
one  can  see  in  Figure  C-6a  a relatively  high  density  of  dislocations 
and  occasional  subgrain  boundaries.  In  Figure  C-6b,  the  sample  was 
tilted  in  such  a way  that  particles  are  in  contrast.  The  size  and 
distribution  of  n"  phase  particles  in  the  alloy  are  better  shown  by 
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a dark  field  micrograph  using  a reflection  of  n'  (Figure  C-6c) . It 
can  be  seen  that  there  are  two  size  ranges  of  n'  particles  ap- 
parently caused  by  a two-step  aging  practice.  This  partially  re- 
crystallized (rccrystallization  just  started)  structure  present 
in  the  rectangle  will  be  compared  with  those  in  other  sections. 

Figure  C-7a  shows  a bright  field  TEM  micrograph  and 
Figure  C-7b  a dark  field  micrograph  of  the  wing  spar.  The  density 
of  dislocation  was  lower  and  subgrains  were  less  frequent  compared 
to  the  rectangle.  This  confirms  the  X-ray  and  optical  microscopy  re- 
sults and  indicates  that  compared  to  the  rectangle,  the  spar,  which  has 
a lower  SCC  resistance,  has  a higher  degree  of  recrystallizaticn. 

As  can  be  seen  in  Figures  C-6c  and  C-7b,  the  size  of  n'  particles  is 
slightly  smaller  in  the  spar  section.  The  degree  of  recrystalliza- 
tion in  the  wing  plank  was  between  that  of  the  spar  and  the 
rectangle. 

Scanning  electron  micrographs  of  failed  SCC  test  specimens 
revealed  that  the  environment-affected  area  was  highly  corroded  and 
consisted  mainly  of  intergranular  fracture.  As  expected,  ductile 
dimples  were  observed  in  the  tensile  overload  region.  Depending  on 
the  time  to  failure,  the  severity  of  corrosion  varied  from  sample 
to  sample.  In  general,  not  much  information  was  obtained  from  the 
fracture  surface.  A typical,  low  magnification  SEM  micrograph  is 
shown  in  Figure  C-8. 

SUMMARY  AND  CONCLUSIONS 

It  may  be  most  logical  to  compare  the  rectancle  to  the 
wing  spar  because  the  two  sections  had  the  same  yield  strength. 
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Under  the  applied  stress  of  45  ksi,  therefore,  the  same  ratio  of 
applied  stress  to  Y.S.  was  obtained.  From  X-ray,  TEM,  and  light 
microscopy,  the  rectangle  nad  the  lowest  degree  of  recrystalliza- 
tion and  the  spar  the  highest.  Also,  from  the  TEM  micrographs, 
the  precipitate  particles  were  slightly  larger  in  the  rectangle 
section  compared  to  the  spar.  Therefore,  the  higher  SCC  resistance 
observed  in  the  rectangle  correlates  with  a combination  of  lower 
degree  of  recrystallization  and  slightly  coarser  n ' particles  in 
the  matrix  (and  possibly  also  coarser  n'  or  n particles  along 
subgrains  and  grain  boundaries).  Examination  of  many  more  samples, 
not  within  the  scope  of  this  investigation,  must  be  made,  however, 
before  a cause  and  effect  relationship  can  be  attributed  to  this 
correlation. 
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TABLE  C-l  - STRESS-CORROSION  TEST 
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LONGITUDINAL  YIELD  STRENGTH,  ksi 
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(a)  Rectangle  - S.No.  437682-3 
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(b)  Plank  - S.No.  900102 
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Longitudinal  section  at  midplane  As  Polished 


Figure  C-2  - Optical  Micrographs  of  7050  Extrusions. 
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Figure  C 
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(a)  Longitudinal  Section  Near  Surface 


(b)  Longitudinal  Section  T/2 
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(c)  Transverse  Section  T/2 
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Keller's  Etch 

3 - Optical  Micrographs  of  Rectangle,  S.No.  437682-3. 
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(a)  Longitudinal  Section  Naar  Surface 


(b)  Longitudinal  Section  T/2 
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(c)  Transverse  Section  T/2 
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Figure  C-4  - Optical  Micrographs  of  Wing  Plank, 


Keller's  Etch 
S.No.  421333. 
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(a)  Longitudinal  Section  Near  Surface 
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(b)  Longitudinal  Section  T/2 
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(c)  Transverse  Section  T/2 


Keller's  Etch 

05  - Optical  Micrographs  of  Spar,  S.No.  442116. 
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(a)  Bright  Field 
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(b)  Bright  Field 
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(c)  Dark  Field 
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Figure  C-6  - Transmission  Electron  Micrographs  of  Rectangle, 
S. No.  437682-3. 
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(a)  Bright  Field 


(b)  Dark  Field 
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Figure  C-7  - Transmission  Electron  Micrographs  of  Spar, 
S.No.  442116. 


i 


313 


20X 


Figure  c-8  - Scanning  Electron  Micrograph  Showing  the  Fracture 
Surface  of  Rectangle,  S.No.  437682. 
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APPENDIX  D 


EFFECTS  OF  SECTION  GEOMETRY  AND  FABRICATION  ON 
NOTCH  TENSILE  STRENGTH-YIELD  STRENGTH  RATIO 

by 

R.  R.  Sawtell 


PROCEDURE 

Review  of  the  data  indicated  that  notch  toughness  of 
extrusions  fabricated  in  this  work  depended  on  extrusion  tempera- 
ture, extrusion  ratio,  yield  strength,  test  specimen  location,  and 
section  shape.  In  an  effort  to  define  these  effects  quantitatively, 
the  notch  tensile  strength/yield  strength  ratios  (NTS/YS)  of  these 
extrusions  were  analyzed  statistically  using  multivariate  re- 
gression analysis.  The  model  constructed  for  this  purpose 
included  both  first-order  main  effects  and  two-factor  interactions. 
All  variables  listed  above  were  included.  Consequently,  the  model 
was  of  the  following  form: 

NTS/YS  = B0+Bj  (X1)+B2(X2)+B3(X3)+B1,(X4)+B5(X5)+EI  Bij(Xi,Xj)  j-1,5;  i«l,5  (1) 

where:  Xj  «=  specimen  location, 

X2  = aspect  ratio, 

X3  = extrusion  ratio, 

X4  = extrusion  temperature, 

X5  = yield  strength. 

To  reduce  the  artificial  correlations,  simple  and  multiple, 
that  are  frequently  generated  in  constructing  second-order  terms. 
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(interactions,  etc.),  the  five  independent  variables  were  scaled  to 
a maximum  of  +1  and  a minimum  of  -1.  Under  these  conditions,  the 
value  of  the  intercept  represents  the  NTS/YS  that  would  be  pre- 
dicted if  all  independent  variables  were  held  at  their  mean  values. 
As  an  added  benefit,  the  coefficients  rendered  in  the  regression 
represent  fully  normalized  estimates  of  the  individual  main  effects 
and  interactions.  Thus,  the  confusing  effects  of  the  absolute 
magnitudes  of  the  independent  variables  are  eliminated  and  direct 
comparison  of  the  numerical  values  of  the  coefficients  yield  their 
respective  relative  influences.  Further,  each  of  the  coefficients 
represents  the  magnitude  and  direction  of  change  that  would  be 
expected  to  be  produced  in  NTS/YS  when  the  variable  of  interest  is 
changed  from  its  mean  value  to  its  maximum. 

The  interactive  effects  are  more  complicated,  but  can 
always  be  resolved  by  determining  the  product  of  the  values  of 
the  two  independent  variables  in  question.  The  numerical  value 
of  the  interaction  coefficients  indicates  the  effects  of  raising 
each  of  two  independent  variables  to  their  maximum  or  minimum 
simultaneously  (lxl  = 1 or  -lx-1  = 1). 

RESULTS 

The  results  of  the  regressions  are  detailed  in  Tables  D-l 
through  D-3  for  the  longitudinal,  long-transverse,  and  short-trans- 
verse  testing  orientations,  respectively.  Very  high  F-ratios  and 
R2  values  were  recorded  for  each  of  the  three  regressions  which 
indicates  that  a very  large  percentage  of  the  variation  in  NTS/YS 
was  accounted  for  by  the  model.  The  regression  coefficients, 


316 


B(I),  for  main  effects  and  interactions  that  were  determined  to  be 
statistically  significant  at  the  95%  confidence  interval  based  on 
a t-test  are  listed  in  Tables  D-l  through  D-3. 

The  R{I)2  values,  a measure  of  the  degree  of  multiple 
correlation  between  independent  variables,  are  also  presented  in 
these  tables.  High  multiple  correlations  produce  unrealistic  and 
unstable  regression  coefficients  because  a given  level  of  response 
can  be  produced  in  a variety  of  ways.  Although  ideally  R(I)° 
should  be  zero,  the  values  listed  in  Tables  D-l  through  D-3  are 
considered  to  be  acceptably  small. 

The  relative  influence  values,  also  given  in  these  tables, 
indicate  the  percentage  of  total  variation  in  NTS/YS  that  each 
independent  variable  is  capable  of  producing.  These  values  do  not 
sum  to  100%  because  of  the  non-zero  R(I)2.  In  the  case  of  non-zero 
R (I) 2 , the  model  can  accommodate  a given  level  of  variation  in 
NTS/YS  through  variations  in  two  or  more  independent  variables. 
Hence,  a certain  level  of  influence  is  counted  more  than  once. 

As  mentioned  previously,  the  regression  coefficients 
derived  in  this  analysis  represent  normalized  estimates  of  the 
relative  effects  of  each  factor  and  thus  are  useful  for  comparison. 
Consequently,  the  statistically  significant  coefficients  have 
been  plotted  in  bar-graph  form  and  are  shown  in  Figures  D-l  through 
D-3  for  the  longitudinal,  long- transverse,  and  short-transverse 
directions,  respectively. 

Longitudinal 

A total  of  eight  factors  were  found  to  have  a statisti- 
cally significant  effect  on  longitudinal  NTS/YS:  the  five  main 
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effects  and  three  interactions.  The  statistically  significant 
interactions  were  location-yield,  aspect  ratio-yield,  and 
extrusion  temperature-yield.  The  effects  of  yield  strength 
greatly  outweighed  all,  but  each  of  these  eight  factors  produced 
statistically  significant  changes  in  NTS/YS  as  shown  in  Figure  D-l. 
Further,  even  though  the  other  seven  factors  probably  do  affect 
notch  toughness,  these  effects  are  not  practically  significant. 

(Based  on  correlations  between  NTS/YS  and  Kjc»37  a change  in  the 
level  from  the  lowest  to  the  highest  examined  represents  at  most 
a 0.5  ksi»in.  change  in  KI(;. ) Because  these  effects  are  not 
important  commercially,  NTS/YS  in  the  longitudinal  direction  can 
be  described  simply  as  a function  of  yield  strength.  This  simpli- 
fication yields  a model  of  the  form: 

NTS/YS  = 2.071  - 0.008584  (YS)  , (2) 

where  NTS/YS  decreases  with  increasing  yield  strength.  This  effect 
is  illustrated  in  Figure  D-4  where  NTS/YS  is  plotted  versus  yield 
strength.  Both  the  actual  data  points  and  predictions  based  on 
(2)  are  shown.  In  support  of  the  contention  that  other  factors  did 
not  significantly  affect  toughness  in  this  direction,  the  data  are 
compressed  about  the  line  illustrating  the  effects  of  yield  strength. 
Long-Transverse 

A total  of  nine  factors  were  found  to  have  a statistically 
significant  effect  on  long-transverse  NTS/YS.  These  include  the 
five  main  effects  and  the  specimen  location-aspect  ratio,  aspect 
ratio-extrusion  ratio,  aspect  ratio-yield  strength,  and  extrusion 
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ratio-yield  strength  interactions.  Not  all  of  these  effects  are 
considered  to  be  practically  significant.  As  shown  in  Figure  D-2, 
aspect  ratio  and  yield  strength  produce  the  largest  effects.  These 
main  effects  and  the  aspect  ratio-yield  strength  and  extrusion 
ratio-yield  strength  interaction  were  considered  to  be  practically 
significant.  Consequently,  effects  of  aspect  ratio,  yield  strength, 
and  extrusion  ratio  adequately  describe  the  NTS/YS  in  the  long- 
transverse  direction.  In  this  case,  a model  of  the  following  form 
results: 

NTS/YS  ■ 2.5490  + 0.02441  (AR)  + 0.01469(ER)  - 0.02212(YS) 

+ 0.0005188 (AR) (YS)  + 0. 00046819 (AR) (ER) 

- 0.00020148  (ER)  (YS)  , (3) 

where  NTS/YS  decreases  with  increasing  yield  strength  and  increases 
with  increasing  aspect  ratio  or  extrusion  ratio.  Aspect  ratio  has 
a moderate  effect  at  low  yield  strengths,  but  at  high  yield  strengths, 
it  has  the  largest  effect  of  any  fabricating  variable.  In  contrast, 
extrusion  ratio  had  the  largest  effect  at  low  yield  strengths. 

These  effects  are  illustrated  in  Figure  D-5  where  NTS  is  plotted 
versus  yield  strength  for  the  long-transverse  direction.  Both 
actual  data  and  predictions  for  high  and  low  aspect  ratios  and 
high  and  low  extrusion  ratios  are  shown.  The  predictions  are 
complex  and  reflect  the  interactions  between  variables.  Extrusions 
fabricated  using  the  high  extrusion  ratio  (32)  and  the  high  aspect 
ratio  (5)  generally  developed  the  best  combinations  of  notch  toughness 
and  strength  in  the  long-transverse  direction.  However,  at  very 
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high  strengths  (above  77  ksi)  which  are  above  the  maximum  acceptable 
strengths  dictated  by  corrosion  considerations,  high  aspect  ratio 
extrusions  fabricated  using  low  extrusion  ratios  exhibited  the 
best  notch  toughness. 

Short- Trans verse 

In  the  short- transverse  direction,  nine  factors  were  found 
to  have  a statistically  significant  effect  on  NTS/YS.  These  in- 
clude the  five  main  effects  and  the  location-extrusion  temperature, 
aspect  ratio-extrusion  ratio,  aspect  ratio-extrusion  temperature, 
and  extrusion  ratio-yield  strength  interactions.  The  effects  of 
extrusion  ratio,  extrusion  temperature,  yield  strength,  and  the 
extrusion  ratio-yield  strength  interaction  were  considered  to  be 
practically  significant.  Specimen  location  was  discounted  for  the 
model,  not  because  of  its  magnitude,  but  because  it  is  not  a 
controllable  parameter.  These  conditions  yield  a model  of  the 
following  form: 

NTS/YS  = 2.6006  + 0.02491(ER)  + 0. 00029454 5 (ET) 

- 0. 0267175  (YS)  - 0.  00029988 (ER)  (YS) , (4) 

where  NTS/YS  is  increased  by  increasing  extrusion  ratio  or  extru- 
sion temperature,  and  decreased  by  increasing  yield  strength. 
Extrusion  ratio  had  a large  effect  at  high  yield  strength,  but  a 
much  smaller  effect  at  lower  yield  strength.  These  effects  are 
illustrated  graphically  in  Figure  D-6  where  notch  toughness  is 
plotted  versus  yield  strength.  Both  actual  data  and  predictions 
for  high  and  low  extrusion  ratio  and  high  and  low  extrusion 
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temperature  are  shown.  Sections  extruded  using  high  ratios  and 
high  temperatures  developed  the  best  combinations  of  toughness 
and  strength  in  the  short-transverse  direction. 

SUMMARY 

The  notch  tensile  strength  and  yield  strength  data  for 
alloy  7050  extrusions  fabricated  under  a variety  of  conditions  have 
been  analyzed  using  multiple  regression  techniques.  Specifically, 
this  analysis  yielded  effects  of  specimen  location  along  the  length 
of  the  extrusion  (front  to  rear) , section  aspect  ratio  (width  * 
thickness),  extrusion  ratio,  extrusion  temperature,  and  yield 
strength  on  notch  tensile  strength/yield  strength  ratios  in  the 
longitudinal,  long-transverse,  and  short-transverse  directions. 

All  of  these  factors  were  found  to  have  a statistically 
significant  influence  on  NTS/YS,  although  not  all  were  considered 
to  be  practically  significant  in  every  test  direction.  Increasing 
either  aspect  ratio,  extrusion  ratio,  or  extrusion  temperature 
increased  NTS/YS,  while  increasing  yield  strength  decreased  it.. 

The  rear  of  the  extrusion  generally  developed  higher  notch  tough- 
ness. The  highest  average  notch  toughness  was  developed  in  the 
longitudinal  direction  and  the  lowest  in  the  short- transverse 
direction.  The  effect  of  yield  strength,  specimen  location,  ex- 
trusion ratio  and  extrusion  temperature  were  greatest  in  the 
short-transverse  direction  while  aspect  ratio  had  its  largest 
effect  in  the  long-transverse  direction.  Only  yield  strength  had 
a commercially  significant  effect  on  notch  toughness  in  the  longi- 
tudinal direction. 
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Interactions  between  independent  variables  were  also 
responsible  for  practically  significant  differences  in  HTS/YS. 
These  interactions  generally  involved  yield  strength  and,  hence, 
reflect  variations  in  the  inverse  dependence  of  NTS/YS  on  yield 
strength.  The  largest  interaction  occurred  in  the  long-transverse 
direction  between  aspect  ratio  and  yield  strength  and  was  positive 
i.e.,  effect  of  aspect  ratio  was  greatest  at  high  yield  strengths. 
Smaller  but  practically  significant  negative  interactions  also 
occurred  between  extrusion  ratio  and  yield  strength  in  the  long- 
transverse  and  short-transverse  directions;  effect  of  extrusion 
ratio  was  greatest  at  low  yield  strengths. 

From  this  analysis,  the  optimum  combination  of  NTS/YS 
and  yield  strength  is  predicted  to  be  developed  at  the  rear  of 
high  aspect  ratio  sections  fabricated  using  high  extrusion  ratios 
and  high  temperatures. 
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TABLE  D-2  - RESULTS  OF  MULTIPLE  REGRESSION  ANALYSIS  OF  LONG -TRANSVERSE  NTS/YS 
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Figure  D-l  - Illustrates  relative  effects  of  variants  on  longitudinal  notch  toughness. 
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Figure 


Figure  D-5  - Notch  Toughness  vs  Yield  Strength  - Long-Transverse 
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Figure  D 
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6 - Notch  Toughness  vs  Yield  Strength  - Short-Transverse 
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